OO0 ~NOOMWWNER

WWOWWNNNNNNNNNNRRERRRERRERRSR
WNROOONNODUONWNROOONOONNDRNEP

2. DIESEL EMISSIONS CHARACTERIZATION, ATMOSPHERIC
TRANSFORMATION, AND EXPOSURES

2.1. INTRODUCTION

This chapter provides background information relating to the diesel engine, the pollutants
it emits, the history of its use in highway vehicles and railroad locomotives, diesel exhaust
composition and emissions trends, and air pollution regulatory standards for diesel enginesin the
United States. The chapter also provides specific information about physical and chemical
composition of diesal exhaust, descriptions of its aimospheric transformations, observations of
measured and modeled ambient concentrations (considered alone and as a component of
atmospheric particles in general), and some estimates of population exposures. In addition, this
chapter gives background information that is used in conjunction with the toxicology and
epidemiology data to formulate the conclusions about human health hazards that are discussed in
later chapters of this document. The exposure information does not represent aformal or
rigorous exposure assessment; it is intended only to provide a context for the health effects data
and health hazard findings.

The diesel engine was patented in 1892 by Rudolf Diesal, who conceived it as a prime
mover that would provide much improved fuel efficiency compared with spark-ignition engines.
To the present day, the diesel engine's excellent fuel economy remains one of its strongest selling
points. In the United States, the diesdl engine is used mainly in trucks, buses, agricultural and
other off-road equipment, locomotives, and ships.

The chief advantages of the diesel engine over the gasoline engine are its fuel economy
and durability. Diesel engines, however, emit more particulate matter per mile driven compared
with gasoline engines of a similar weight class. Over the past decade, modifications of diesel
engine components have substantially reduced particle emissions from both diesel and gasoline
engines (Hammerle et al., 1994; Sawyer and Johnson, 1995).

The diesel engine compresses air to high pressure and temperature. Fuel, when injected
into this compressed air, autoignites, releasing its chemical energy. The expanding combustion
gases do work on the piston before being exhausted to the atmosphere. Power output is
controlled by the amount of injected fuel rather than by throttling the air intake. Compared to its
gpark-ignition counterpart, the diesel engine's superior efficiency derives from a higher
compression ratio and no part-load throttling. To ensure structural integrity for prolonged
reliable operation at the higher peak pressures brought about by a higher compression ratio and
autoignition, the structure of adiesel engine generally is more massive than its S counterpart.

Diesdl engines (also called compression-ignition) may be broadly identified as being either
two- or four-stroke cycle, injected directly or indirectly, and naturally aspirated or supercharged.
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They aso are classified according to service requirements such as light-duty (LD) or heavy-duty
(HD) automotive/truck, small or large industrial, and rail or marine.

All diesel engines use hydraulic fuel injection in one form or another. The fuel system
must meet four main objectives if adiesel engine isto function properly over its entire operating
range. It must: (1) meter the correct quantity of fuel, (2) distribute the metered fuel to the
correct cylinder, (3) inject the metered fuel at the correct time, and (4) inject the fuel sothat it is
atomized and mixes well with thein-cylinder air. The first two objectives are functions of a
well-designed injection pump, and the last two are mostly functions of the injection nozzle. Fuel
injection systems are moving toward the use of electronic components for more flexible control
than is available with purely mechanical systems to obtain lower exhaust emissions without
diminishing fuel efficiency.

Both the fuel and the lubricants that are used to service diesel engines are highly finished
petroleum-based products combined with chemical additives. Diesdl fuel is a mixture of many
different hydrocarbon molecules from about C, to about C,., with a boiling range from roughly
350 °F to 650 °F. Many of the fuel and oil properties, such asits specific energy content (which
is higher than gasoline), ignition quality, and specific gravity, are related to its hydrocarbon
composition. Therefore, fuel and lubricant composition affects many aspects of engine
performance, including fuel economy and exhaust emissions.

Complete and incomplete combustion of fud in the diesel engine results in the formation
of a complex mixture of gaseous and particulate exhaust. Because of concerns over health effects
associated with diesdl particulate emissions, EPA began regulating emissions from diesel engines
in 1970 (for smoke) and then added regulations for gaseous emissions. EPA first regulated
particulate emissions from HD dieselsin 1988.

For the purposes of this document, carbonaceous matter, diesel exhaust, diesel particulate
matter (DPM), elementa carbon (EC), organic carbon (OC), soluble organic fraction (SOF), and
soot are defined as listed below.

Carbonaceous matter: Carbon-containing compounds, includes organic carbon and

elemental carbon that are associated with particulate matter in diesel exhaust. In this

document, the term carbonaceous matter includes all organic and elemental carbon-
containing compounds that are found in the particle phase. In other documents, this term
is sometimes used interchangeably to refer to the insoluble fraction of diesel particulate
matter or the soot fraction.

Diesel exhaust (DE): Gaseous and particle phase emissions resulting from the
combustion of diesel fuel in aninternal combustion engine (e.g., compression ignition
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engine). Diesal exhaust includes emissions from a diesel engine or diesel vehicle (inclusive
of aftertreatment devices) but does not include emissions from brake and tire wear.

Diesel particulate matter: The particle-phase compounds emitted in diesel exhaust.
DPM can refer to both primary emissions as well as secondary particles that are formed by
atmospheric processes. In this document, DPM refers to primary particles. Primary diesel
particles are considered fresh after being emitted and undergo aging (oxidation, nitration,
or other chemical and physical changes as discussed in Section 2.3) in the atmosphere. As
used in this document, DPM refers to both fresh and aged diesel particulate matter unless
adistinction is made.

Elemental carbon: Carbon that has undergone pyrolysis (e.g., has been stripped of
hydrogen). In pure form, elemental carbon contains only carbon atoms although elemental
carbon as it exists in combustion particulate matter is likely to contain some hydrogen
atoms. In this document, the terms elemental carbon and organic carbon are used to refer
to the carbon-containing components of DPM, and collectively they are referred to as the
carbonaceous fraction of adiesel particle.

Organic carbon: Carbon- and hydrogen-containing molecules emitted in diesel exhaust
largely as the result of unburned diesel fuel and to alesser extent resulting from engine
lubrication oil. Organic carbon compounds can also contain oxygen, nitrogen, and sulfur
aswell as other elements in small quantities. In this document, the terms elemental carbon
and organic carbon are used to refer to the carbon-containing components of DPM, and
collectively they are referred to as the carbonaceous fraction of adiesel particle.

Soluble organic fraction: The portion of DPM that can be extracted from the particle
matrix into solution. Extraction solutions and procedures vary and are described in
Section 2.2.8.1.

Soot: Agglomerations of elemental carbon and organic carbon particles. Often

characterized as the insoluble portion of DPM.

This chapter begins with the history of dieselization for on-road vehicles and locomotives,

followed by an introductory discussion of the formation of primary diesel emissions to assist the

7/25/00 2-3 DRAFT—DO NOT CITE OR QUOTE



OCOO~NOOMWNER

W WWwWwWwWwWwNNNNNNNNNNRPRERERPRPRPPREP
ONPAMWNPRPOOONOOAODMNWNRPOOONOOONMWNLERE

reader in understanding the complex factors that influence the formation of particul ate matter
(PM) and other diesdl exhaust emissions. The next section is asummary of EPA emission
standards for on-road and locomotive diesel engines and a description of the national trendsin
emissions from on-road and nonroad diesel engine sources based on inventory modeling. The
chapter continues with a discussion of diesel fuel use and the impact of fuel properties on
emissions. The chronological assessment of emissions factors is presented in summaries of chassis
and engine dynamometer testing and tunnel tests. Thisis followed by a description of engine
technologies and their effect on emissions and a description of the chemica and physical nature of
emissions. The data describing the important atmospheric transformations of diesel exhaust are
summarized. The chapter concludes with a summary of the available literature regarding
atmospheric concentrations of diesel particulate matter and exposures to diesel exhaust. EPA has
assessed national and urban-area annual average exposure to diesel particulate matter using the
Hazardous Air Pollutant Exposure Model - Mobile Sources version 3 model, and this assessment
is presented in Section 2.4.3. A full exposure assessment including the distribution of ambient
diesel exhaust exposures in different geographic regions and among different demographic
groups; the most highly exposed (90™ percentile); exposures in microenvironments for short and
long durations; and the maximum exposure range (98" percentile) and number of maximum-
exposed individuas is not currently available. EPA is developing tools to provide a more

compl ete exposure assessment.

2.2. PRIMARY DIESEL EMISSIONS
2.2.1. History of Dieselization

Information regarding diesel engine use including market share, vehicle miles traveled
(VMT) and fleet turnover are important aspects in understanding potential health effects of past
and present diesel exhaust exposure. In this section, the diesdlization of the on-road truck fleet
and locomotives are discussed.

2.2.1.1. Diesdlization of the On-Road Fleet

Because of their durability and fuel economy, the use of diesel engines, particularly in
long-distance applications, has increased over the years. The Census of Transportation, Truck
Inventory and Use Survey (TIUS) indicates that among Class 3-8 trucks, diesel engine use has
increased more rapidly than gasoline engine use in the past 20 years. Truck classes are defined by
gross vehicle weight as described in Table 2-1. Dieselization first occurred among Class 7 and 8
(HHD) trucks. The TIUS indicates that 81.5% of diesel trucks on the road in 1963 were Class 7
or 8 (HHD) trucks (Table 2-2). Class 7 sales became predominantly (e.g., >50%) diesel in the
1970s and Class 8 sales became predominantly diesel in the 1960s. Diesels did not comprise a

7/25/00 2-4 DRAFT—DO NOT CITE OR QUOTE



OCOO~NOOMWNER

W WWwWwWwwWwNNNNNNNNNNRPPRERERPRPRPPREP
ONDMWNPRPOOONOOADNWNROOONOOODAMWNEPR

majority of class5 and 6 sales until the 1990s (Figures 2-1 and 2-2). Heavy-duty trucks (LHD
and HHD) have historically constituted the mgjority of diesdl sales and mileage. However, an
increasing number of light-duty (LD) diesel trucks have been sold domestically in recent years. In
the 1990s, approximately one in three diesal trucks sold were Class 1 and Class 2 vehicles. Diesd
trucks have historically been driven more miles per truck than gasoline trucks. For example, the
TIUS indicates that 59% of diesel trucks were driven more than 50,000 milesin 1963, compared
to 3% of gasoline trucks. Among combination trucks, consisting of tractor-trailers and single-unit
trucks with trailers, diesel vehicles have driven amgority of the miles since at least 1963, the
earliest year in which TIUS was conducted (Figure 2-3).

The longevity of diesel trucksis an important factor to understand past, current, and
projected exposures to diesel exhaust because older vehicles are subject to less stringent
regulations and may remain in use for severa decades after their manufacture. American
Automobile Manufacturers Association publications (AAMA, 1927-1997) indicate that 53% of
trucks from model years 1947-1956 were still on the road after 14 years. The proportion of
trucks in use after 14 years was 63% for model years 1974-1983, suggesting that the lifespan of
trucks built in later yearsislonger. According to the 1997 TIUS, vehicles older than 10 years
make up 40% of Class 7 and 8 (HHD) trucks and drove 16% of Class 7-8 VMT (Figures 2-4 and
2-5). Almost all HDD trucks were diesel vehiclesin the period 1982-1997 (93% in 1982 and
99% in 1997).

2.2.1.2. Dieselization of Railroad Locomotive Engines

Early in the 20th century the political and economic pressure on the railroads to replace
steam locomotives was substantial. Railroads were losing business to other forms of transport.
The diesel-electric locomotive provided 90% in-service time, compared with only 50% for steam
locomotives, and had three times the thermal efficiency (Klein, 1991; Kirkland, 1983).
Additionaly, several cities had passed laws barring steam |locomotives within the city limits
because the large quantities of smoke obscured visibility, creating a safety hazard. The first
prototype diesel locomotive was completed in 1917. By 1924 General Electric (GE) was
producing a standard line of switching locomotives on a production basis. Electro-Motive
Corporation was founded the same year to produce diesel locomotives in competition with GE.
This company was purchased in 1929 by General Motors (GM) and became the Electro-Motive
Division. After thisacquisition, GM began to develop the two-stroke engine for this application.
Up to thistime, all locomotive diesel engines were four-stroke. Two-strokes offered a much
higher power-to-weight ratio, and GM’ s strategy was to get alarge increase in power by moving
to the two-stroke cycle. The first true high-speed two-stroke diesel-electric locomotives were
produced by GM in 1935. However, because of the economic climate of the Great Depression,
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few of these were sold until after the Second World War. At the end of the war most locomotives
were still steam-driven but were more than 15 years old, and the railroads were ready to replace
the entire locomotive fleet. Few if any steam locomotives were sold after 1945 because the entire
fleet was converted to diesel (Coifman, 1994).

The locomative fleet has included significant percentages of both two- and four-stroke
engines. The four-stroke diesel engines were naturally aspirated in the 1940s and 1950s. Itis
unlikely that any of the two-stroke engines used in locomotive applications were strictly naturally
aspirated. Nearly all two-stroke diesal locomotive engines are uniflow scavenged, with a positive-
displacement blower for scavenging assistance. In 1975, it was estimated that 75% of the
locomotives in service were two-stroke, of which about one-half used one or more turbochargers
in addition to the existing positive-displacement blower for additional intake boost pressure.

Almost al of the four-stroke locomotive engines were naturally aspirated in 1975.
Electronic fuel injection for locomotive engines was first offered in the 1994 model year (U.S.
EPA, 1998b). All locomotive engines manufactured in recent years are turbocharged, aftercooled
or intercooled four-stroke engines. In part, thisis because of the somewhat greater durability of
four-strokes, although impending emissions regulations may have also been afactor in this shift.
Thetypica lifespan of alocomotive has been estimated to be more than 40 years (U.S. EPA,
1998b). Many of the smaller railroads are still using engines built in the 1940s, athough the
engines may have been rebuilt severa times since their original manufacture.

2.2.2. Diesd Combustion and Formation of Primary Emissions

A basic understanding of diesel combustion processes can assist in understanding the
complex factors that influence the formation of DPM and other diesel exhaust emissions. Unlike
spark-ignition combustion, diesel combustion is afairly nonhomogenous process. Fuel is sprayed
at high pressure into the compressed cylinder contents (primarily air with some residua
combustion products) as the piston nears the top of the compression stroke. The turbulent mixing
of fuel and air that takes place is enhanced by injection pressure, the orientation of the intake
ports (e.g., inducement of intake-swirl tangential to the cylinder wall), piston motion, and piston
bowl! shape. In some cases, fuel and air mixing isinduced viainjection of the fud into a
turbulence-generating pre-chamber or swirl chamber located adjacent to the main chamber
(primarily in older, higher speed engines and some LD diesels). Examples of typical direct
injection and indirect injection combustion systems are compared in Figure 2-6. Diesdl
combustion can be considered to consist of the following phases (Heywood, 1988; Watson and
Janota, 1982):
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1. Anignition delay period, which starts after the initial injection of fuel and continues
until the initiation of combustion. The delay period is governed by the rate of fuel
and air mixing, diffusion, turbulence, heat transfer, chemica kinetics, fuel
vaporization, and fuel composition. Fuel cetane rating is an indication of ignition
delay.

2. Rapid, premixed burning of the fuel and air mixture from the ignition delay period.

3.  Diffusion-controlled burning, where the fuel burns asit is injected and diffusesinto
the cylinder.

4. A very smal amount of rate-controlled burning during the expansion stroke, after
the end of injection.

Engine speed and load are controlled by the quantity of fuel injected. Thus, the overal
fuel-to-air ratio varies greatly as engine speed and load vary. On a macro scale, the cylinder
contents are always fuel-lean. Depending on the time available for combustion and the proximity
of oxygen, the fuel droplets are either completely or partially oxidized. At temperatures above
1,300 K, much of the unburned fuel that is not oxidized is pyrolized (stripped of hydrogen) to
form elemental carbon (Dec and Espey, 1995). In addition to elemental carbon, other
carbonaceous matter is present, largely from unburned fuel. The agglomeration of elemental and
organic carbon (OC) forms particles that are frequently referred to as “soot” particles. Inthis
document, the terms “elemental carbon” and “organic carbon” are used to refer to the carbon-
containing components of diesel particulate matter, and collectively, they are referred to as the
carbonaceous fraction of adiesel particle.

Carbonaceous particle formation occurs primarily during the diffusion-burn phase of
combustion, and it is highest during high load and other conditions consistent with high fuel-air
equivalence ratios. Most of the carbonaceous matter formed (80% to 98%) is oxidized during
later stages of combustion, most likely by hydroxyl radicals formed during combustion (Kittel son
et a., 1986; Foster and Tree, 1994). The remainder of the carbonaceous particulate leaves as a
component of DPM emissions from the engine.

DPM is defined by the measurement procedures summarized in the Code of Federal
Regulations Title 40 CFR, Part 86, Subpart N (CFR 40:86.N). These procedures define DPM
emissions as the mass of material collected on afilter at atemperature of 52 °C or less after
dilution of the exhaust with air. Asthe exhaust is diluted and cooled, nucleation, condensation,
and adsorption transform volatile material to solid and liquid DPM. Diesd exhaust particles are
aggregates of primary spherical particles consisting of solid carbonaceous material and ash and
containing adsorbed organic and sulfur compounds (sulfate) combined with other condensed
material (Figure 2-7). These particles have avery large surface area per gram of mass, which
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make them an excellent carrier for adsorbed inorganic and organic compounds that can effectively
reach the lowest airways of the lung. The elemental carbon core has a high specific surface area
of approximately 30-50 m?/g (Frey and Corn, 1967). Because of this high surface area, the
elemental carbon core is able to adsorb large quantities of ash, organic compounds, and sulfate.
Pierson and Brachaczek (1976) report that after the extraction of adsorbed organic material, the
surface area of the diesd particle core is approximately 90 m?/g.

The organic materia associated with diesel particles originates from unburned fuel, engine
lubrication oil, and small quantities of partia combustion and pyrolysis products. Thisis
frequently quantified as the soluble organic fraction, which is discussed in much more detail in
Section 2.2.7. The formation of sulfatein diesel exhaust depends primarily on fuel sulfur content.
During combustion, sulfur compounds present in the fuel are oxidized to sulfur dioxide (SO,).
Approximately 1% to 4% of fuel sulfur is oxidized to SO,, which combines with water vapor in
the exhaust to form sulfuric acid (H,SO,) (Wall et al., 1987; Khatri et al., 1978; Baranescu, 1988;
Barry et a., 1985). Upon cooling, sulfuric acid and water condense into an aerosol that is
nonvolatile under ambient conditions. The mass of sulfuric acid DPM is more than doubled by the
mass of water associated with the sulfuric acid under typical DPM measurement conditions (50%
relative humidity, 2025 °C) (Wall et d., 1987).

Oxide of nitrogen (NO,) emissions from combustion engines, primarily (at least initially) in
the form of NO, are generally thought to be formed via the Zeldovich mechanism, which is highly
temperature dependent. High combustion temperatures cause reactions between oxygen and
nitrogen to form NO and some NO,. The mgority of NO, formed during combustion is rapidly
decomposed. NO can also decompose to N, and O, but the rate of decomposition is very slow
because of the rapidly decreasing temperatures from the expansion of combustion gases during
the expansion stroke (Heywood, 1988; Watson and Janota, 1982). Thus, amost all of the NO,
emitted isNO.

Some organic compounds from unburned fuel and from lubricating oil consumed by the
engine can be trapped in crevices or cool spots within the cylinder and thus are not sufficiently
available to conditions that would lead to their oxidation or pyrolysis. These compounds are
emitted from the engine and either contribute to gas-phase organic emissions or to DPM
emissions, depending on their volatility. Within the exhaust system, temperatures are sufficiently
high that these compounds are entirely present within the gas phase (Johnson and Kittelson,
1996). Upon cooling and mixing with ambient air in the exhaust plume, some of the less volatile
organic compounds can adsorb to the surfaces of the elemental carbon agglomerate particles.
Lacking sufficient elemental carbon adsorption sites, the organic compounds may condense on
sulfuric acid nuclei to form a heterogeneously nucleated organic aerosol (Abdul-Khalek et d.,
1999).
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While not unique to diesel exhaust, the high content of elemental carbon associated with
typical DPM emissions has long been used by some investigators to distinguish diesel engine
sources of this particle from other combustion aerosols. Diesel particles from newer HD engines
are typically composed of ~75% elemental carbon (EC can range from 33-90%), ~20% organic
carbon (OC can range from 7-49%), and small amounts of sulfate, nitrate, trace elements, water,
and unidentified components (Figure 2-8). Metallic compounds from engine component wear,
and from compounds in the fuel and lubricant, contribute to DPM mass (1% to 5% of massis
attributed to metals as discussed in more detail below). Ash from oil combustion also contributes
trace amounts to DPM mass.

In contrast to the composition of diesel PM2.5, ambient PM2.5 measured in the eastern
United States is dominated by sulfate (34%), while ambient PM2.5 in the western United Statesis
dominated by organic carbon (39%) (Table 2-3) (U.S. EPA, 1996a). The organic carbon fraction
of DPM isincreasingly being used to assist investigators in identifying the contribution of diesel
engine emissions to ambient PM2.5. In particular, hopane and sterane compounds (aromatic
compounds, >C,,) have been used in addition to other polycyclic aromatic HCs (PAHs) and long
chain alkanes to distinguish DPM from other mobile source PM and from ambient PM (Schauer et
al., 1996; Fujitaet a., 1998). While PAH compounds comprise 1% or less of DPM mass, diesel
emissions have been observed to have elevated concentrations of methylated naphthal enes and
methylated phenanthrene isomers compared to other combustion aerosols (Benner et al., 1989;
Lowenthal et a., 1994; Rogge et a., 1993). Enrichment of benzo[a]anthracene and
benzo[a]pyrene in DPM has also been observed under some conditions and has been used to
assess the relative contribution of diesel exhaust to ambient PM.

While specific organic carbon species are being identified to help distinguish DPM
aerosols from other combustion aerosols, up to 90% of the organic fraction associated with DPM
is currently classified as unresolvable complex material. While accounting for the majority (50%
to 90%) of the number of particles, ultrafine DPM (5-50 nm) accounts for only 1% to 20% of the
mass of DPM. A study conducted by Gertler (1999) in the Tuscarora Mountain tunnel
demonstrated an increase in 20 nm diameter particles as the fraction of diesel vehiclesin the
tunnel increased from 13% to 78%. The contribution of nuclei mode particles from afreeway on
an ambient aerosol size distribution was reported by Whitby and Sverdrup (1980).

In general, the major factors that distinguish DPM from ambient PM are: (1) the high
portion of elemental carbon, (2) the large surface area associated with the carbonaceous particles
in the 0.2 um size range, (3) enrichment of certain polycyclic organic compounds, and (4)
50%—90% of the number of DPM particlesin diesel engine exhaust are in the nuclei mode size
range, with amode of 20 nm. The physical and chemical composition of DPM and changesin
DPM chemical composition are discussed in more detail in Section 2.2.8.
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2.2.3. Diesel Emission Standards and Emission Trends Inventory

EPA set a smoke standard for on-road HD diesel engines beginning with the 1970 model
year and then added a carbon monoxide (CO) standard and a combined hydrocarbon (HC) and
NO, standard for the 1974 model year, as detailed in Table 2-4. Beginning in the 1979 model
year, EPA added a HC standard while retaining the combined HC and NO, standard. All of the
testing for HC, CO, and NO, was completed using a steady-state test procedure. Beginning in the
1985 model year, EPA added a NO, standard (10.7 g/bhp-hr), dropped the combined HC and
NO, standard, and converted from steady-state to transient testing for HC, CO, and NO,
emissions. EPA introduced a particulate standard for 1988 model year diesal engines using the
transient test (0.6 g/bhp-hr). Transient testing involves running an engine on a dynamometer over
arange of load and speed set points.

Since the 1985 model year, only the NO, and particul ate standards have been tightened for
on-road diesel engines. For truck and bus engines, the particul ate standard was reduced to 0.25
o/bhp-hr in 1991, and it was reduced again in 1994 for truck enginesto 0.1 g/bhp-hr. For urban
bus engines, the particulate standard was reduced in 1994 to 0.07 g/bhp-hr and again in 1996 to
0.05 g/bhp-hr. The NO, standard was reduced to 4.0 g/bhp-hr in 1998 for all on-road diesel
engines (bus and truck engines). For 2004, the standards were further lowered in a 1997
rulemaking, with limits on nonmethane hydrocarbon (NMHC) and NO, combined, but no further
reductionsin CO, PM, or smoke. These lower NMHC-plus-NO, levels are under examination as
part of EPA’s 1996 technology review. EPA has proposed further reductionsin NO, NMHC,
and PM for the post-2004 timeframe.

In December 1997, EPA adopted emission standards for NO,, HC, CO, PM, and smoke
for newly manufactured and remanufactured railroad locomotives and locomotive engines. The
rulemaking, which takes effect in the year 2000, applies to locomotives originally manufactured in
1973 or after, and any time they are manufactured or remanufactured (locomotives originally
manufactured before 1973 are not regulated). Three sets of emission standards have been
adopted (Tier O, 1, and 2); they apply to locomotives and locomotive engines originally
manufactured from 1973 through 2001 (Tier 0), from 2002 through 2004 (Tier 1), and in 2005
and later (Tier 2) (Table 2-5; see EPA web page at http://www.epa.gov/omswww/ or
http://www.dieselnet.com/standards/ for current information on mobile source emission
standards). The emissions are measured over two steady-state test cycles that represent two
different types of service, including the line-haul (long-distance transport) and switch (involved in
al transfer and switching operations in switch yards) locomotives.

Emission standards for nonroad equipment are not as stringent as current standards for
on-road equipment and are being phased in within the next decade. Currently, Federal PM
standards exist for nonroad equipment of several horsepower ratings. For equipment between
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175 and 750 horsepower, the PM standard was set at 0.4 g/bhp-hr in 1996 and will decrease to
0.15 g/bhp-hr between 2001 and 2003 depending on the power rating (Table 2-6). This
equipment includes construction, agricultural, and industrial equipment such as bulldozers,
graders, cranes, and tractors. The current PM standard for this equipment is only slightly lower
than the 0.6 g/bhp-hr PM standard in place for on-road HD diesel enginesin the late 1980s.

The EPA emission trends report (U.S. EPA, 2000a) provides emission inventories for
criteria pollutants (PM 10, PM 2.5, SO,, NO,, volatile organic compounds [V OC], CO, Pb, and
NH,) from point, area, and mobile sources, which indicate how emissions have changed from
1970 to 1997. The emission trends are based on the EPA mobile source inventory models
MOBILE, PARTS5, and the draft NONROAD model. PARTS derives particulate emission rates
for HD diesal vehicles using data generated for new engine certification purposes. PARTS s
currently being modified to account for deterioration, in-use emissions, poor maintenance, and
tampering effects, all of which would increase emission factors. PM, SO,, NO,, and VOC
emissions trends from the report are discussed below. Ambient urban/suburban PM samples
rarely reflect the large fraction of natural and miscellaneous sources suggested by the national
inventory due to removal of alarge portion of these emissions close to their source aswell as
dispersion from these sources to urban/suburban sites. The removal of natural and miscellaneous
PM10 (largely fugitive dust) near their sourceis aresult of the lack of inherent thermal buoyancy,
low release height, and interaction with their surroundings (impaction and filtration by
vegetation). For the summaries presented here, natural and miscellaneous sources are excluded
from the national PM and NO, inventories.

Mobile sources of PM include both gasoline- and diesel-powered on-road vehicles and a
variety of nonroad equipment. Nonroad diesel engine sources include construction equipment,
agricultural equipment, marine vessels, locomoatives, and other sources. The EPA emission trends
report (U.S. EPA, 2000a) indicates that, excluding natural and miscellaneous (mainly fugitive
emissions) sources, mobile sources were responsible for 25% of PM 10 emissionsin 1998. Diesel
engines (on-road and nonroad combined) were estimated to contribute 72% of mobile source
PM 10 emissions and 18% of total PM 10 in 1998 (excluding natural and miscellaneous emissions).

Due to the high concentration of fine particlesin engine emissions, diesel engines (on-road and
nonroad combined) were estimated to contribute 77% of mobile source PM2.5 emissions and
23% of total PM2.5 in 1998 (excluding natural and miscellaneous emissions). If natural and
miscellaneous PM 2.5 sources are included in the inventory, diesel PM 2.5 contributes 6% to the
national inventory.

Gram per mile particulate emissions from diesel vehicles are much greater than those from
gasoline-fueled vehicles, accounting for the large contribution of diesel engine emissionsto the
national inventory in spite of the smaller number of diesel enginesin use. Particulate emissions
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(PM10) from gasoline-fueled engines decreased dramatically in 1975 with the widespread
introduction of unleaded gasoline. Particulate emissions from diesel highway vehicles have
decreased recently because of EPA emission standards for new model year HD diesel trucks that
were first implemented in 1988 and became increasingly stringent in 1991 and 1994, as presented
in Table 2-4. A decreasein on-road HD DPM emissions since the mid-1980s is confirmed by in-
use vehicle testing, as described in Section 2.2.5. Due to the implementation of existing
regulations, DPM emissions from on-road sources are expected to decrease 37% from 1998 to
2007; however, nonroad DPM emissions are expected to increase 15% in the same time period
(Figure 2-9).

The EPA emission trends report (U.S. EPA, 2000a) indicates that annual on-road vehicle
PM 10 emissions decreased from 397,200 tons to 257,080 tons from 1980 to 1998." Passenger
car particulate emissions decreased 53% (from 119,000 to 56,000 tons) in this timeframe, while
on-road diesel vehicle PM 10 emissions decreased 27% (from 208,000 to 152,000 tons) (Figure 2-
9). Nonroad diesal engine PM 10 emissions increased 17% (from 314,000 tons in 1980 to
369,000 tonsin 1998). Emissions datafor PM 2.5 are available only for the period from 1990 to
1998. Between 1990 and 1998, PM 2.5 emissions from mobile sources decreased by 14%, largely
as the result of decreased on-road emissions. Diesel engines also contribute to secondary PM
formation from NO, and SO, emissions that are converted to nitrate and sulfate. VOCs from
diesal engines also contribute to secondary particle formation.

In 1998, 53% of total emitted NO, came from mobile sources, with diesels responsible for
57% of the mobile source contribution. Overall, NO, emissions from mobile sources have
remained relatively constant over time, increasing an estimated 7% from 1980 t01998. While
NO, from LD gasoline vehicles decreased from 1980 to 1998, resulting in an overall decreasein
on-road NO, emissions of 9%, NO, from diesdl trucks and buses increased 7% (from 2,463,390
tonsin 1980 to 2,630,120 tons in 1998) owing to the use of NO, control defeat devices as
discussed in Section 2.2.5. NO, emissions from nonroad diesel engines (including commercial
marine and locomotives) have increased 46% (from 3,251,600 tonsin 1980 to 4,752,800 tonsin
1998) (Figure 2-10).

About 7% of SO, came from mobile sources in 1998, with diesels responsible for 74% of
that total. EPA regulations on fuel sulfur have significantly reduced SO, emissions from highway

YExhaust emissions constitute the majority of PM emissions from mobile sources, with tire and brake wear
contributing the remainder. To compare trends estimates from past years with future projections (which are
provided for exhaust emissions only), the fraction of brake and tire wear would need to be omitted from these
estimates as reported in the emission trends report (U.S. EPA, 2000a). On average in the late 1990s 39% and 64%
of gasoline vehicle particulate emissions originated from exhaust and 95% and 98% of on-road diesel emissions
originated from exhaust for PM10 and PM 2.5, respectively.
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diesdls. SO, emissions from highway diesel engines have decreased 72% (from 303,000 tonsin
1980 to 85,000 tonsin 1998) (Figure 2-11). Similar trends are not apparent for nonroad diesels,
although in 1998, nonroad diesel engines, excluding commercial marine vessels, emitted 785,000
tons of SO,, comprising 56% of mobile source SO, emissionsin 1998,

Diesel engines are not alarge source of VOC emissions compared to gasoline engines.
VOC emissions from diesel enginesin 1998 were estimated at 2% of the total emissions from all
sources. VOC emissions from diesel mobile sources decreased 9% (from 779,000 tons in 1980 to
721,000 tons in 1998) (Figure 2-12).

Diesdl engines are also not alarge source of CO emissions compared to gasoline engines.
In 1998, mobile sources emitted 79% of all CO and diesel engines accounted for 4% of the mobile
source CO. CO emissions from on-road diesel vehicles increased 34% between 1980 and 1998,
during which time nonroad diesel emissions of CO increased 45% (Figure 2-13).

2.2.4. Higtorical Trendsin Diesel Fuel Use and Impact of Fuel Properties on Emissions

Use of diesel fuel has increased steadily in the second half of this century. According to
statistics from the Federa Highway Administration (1995, 1997), in 1949 diesdl fuel was
approximately 1% of the total motor fuel used, and in 1995 it was about 18%. Over the same
time, diesel fuel consumption increased from about 400 million gallons to 26 billion gallons per
year in the United States, an increase by afactor of more than 60 (Figures 2-14 and 2-15).

The chemistry and properties of diesel fuel have adirect effect on emissions of regulated
pollutants from diesel engines. Researchers have studied the NO, and DPM effect of sulfur
content, total aromatic content, polyaromatic content, fuel density, oxygenate content, cetane
number, and T90 on emissions of regulated pollutants. T90 is the 90% distillation point
temperature. Anincreasein T90 has been observed to cause an increase in DPM emissions
(Cunningham et a., 1990; Sienicki et a., 1990). Cetane number is a measure of theignition
quality, or ignition delay time, of adiesdl fuel. The percent of cetane (less commonly referred to
as hexadecane, C,;H,,) by volume in a blend with apha-methylnaphthalene (C,,H,CH,) defines
the cetane number that provides the same ignition delay time as the fuel in use.

The chemica makeup of diesdl fuel has changed over time, in part because of new
regulations and in part because of technological developmentsin refinery processes. EPA
currently regulates on-road diesel fuel and requires sulfur content to be less than 500 ppm for on-
road applications and cetane index (a surrogate for actual measurements of cetane number) to be
greater than or equal to 40, or the maximum aromatic content to be 35% or less (CFR 40:80.29).
California has placed additional restrictions on the aromatic content of diesel fuel (California Code
of Regulations, Title 13, Sections 2281-2282) and requires a minimum cetane number of 50 and
an aromatics cap of 10% by volume, with some exceptions for small refiners and aternative
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formulations as long as equivalent emissions are demonstrated. Diesel fuel from larger refinersis
limited to 10% aromatic content, and for three small refiners (a small fraction of diesel saes) to
20% aromatic content. The refiners can also certify afuel with higher aromatic content as being
emissions-equivalent to the 10% (or 20%) aromatic content fuels by performing a 7-day engine
dynamometer emissionstest. This method is chosen by most, if not all, Californiarefiners, and so
atypical Californiadiesal fuel has an aromatic content above 20%. Emissions equivaence has
been obtained through use of cetane enhancers, oxygenates, and other proprietary additives.
Nonroad diesel fuel is not regulated, and consequently, cetane index, aromatic content, and sulfur
content vary widely with nomina values for cetane number around 43, 31% aromatics, and sulfur
approximately 3,000 ppm.

Before 1993, diesal fudl sulfur levels were not federally regulated in the United States,
although the State of California had such regulations. Industry practices that were in place (e.g.,
the ASTMD 975 specification for No. 2 ails) limited sulfur to 0.5%. During the years 1960 to
1986, fuel sulfur content showed no chronological increasing or decreasing trends and ranged
from 0.23 to 0.28 wt% (NIPER, 1986). A maximum allowable diesel fuel sulfur content in the
United States for on-road diesel fuel was established at 0.05 mass % in 1993, in advance of the
1994 0.10 g/bhp-hr PM standard for HD on-highway trucks. Nationally, on-road fuels averaged
0.032% sulfur in 1994 while nonroad fuels averaged 10-fold the sulfur level of on-road fuel, or
0.32% (Dickson and Sturm, 1994). The reduction in diesel fuel sulfur reduced total DPM mass
emissions through reduction of sulfate PM (primarily present as sulfuric acid). Approximately 1%
to 4% of fuel sulfur is oxidized to SO,, which rapidly forms sulfuric acid in the presence of water
vapor in the exhaust (Wall et ., 1987; Khatri et a., 1978; Baranescu, 1988). Considerably
higher sulfuric acid PM emissions are possible with diesel exhaust aftertreatment systems
containing precious metals (oxidation catalysts, lean NO, catalysts, catalyzed DPM traps). At
temperatures over 350 °C to 500 °C (depending on device), SO, in the exhaust can be oxidized to
SO, and increase sulfuric acid PM emissions (McClure et a., 1992; McDonald et a., 1995; Wall,
1998). Sulfur content remains at unregulated levels for off-highway diesel fuels and fuelsused in
railroad locomotives.

The average cetane number of U.S. diesel fuel declined steadily from 50.0 to 45.1, or
about 0.2 per year, from 1960 to 1986 (NIPER, 1986). The decline in cetane number was likely
accompanied by an increase in aromatic content and density (Lee et a., 1998). A number of
EPA-sponsored studies refer to fuels with nominally 22% aromatics content as “national average
fuel” during the 1970s (Hare, 1977; Springer, 1979), while by the 1980s a so-called national
average fuel contained 30% aromatics (Martin, 1981a,b). Shelton (1979, 1977) has reported a
trend of increasing T90 from 1960 through the late 1970s, which is consistent with increasing
density, aromatic content, and polyaromatic content. Unfortunately, aromatic content was not
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commonly measured before the 1980s. The reason for the decline in cetane number and increase
in aromaticsisthat as diesel demand grew, straight-run diesel became a smaller part of the pool
and light-cycle oil from catalytic cracking became available to make up for the increased demand.
Light-cycle ail is high in aromatics and PAHS,

Studies measuring the emissions impact of changes in cetane number and aromatic content
for roughly 1990 model year engine technology find that increasing the aromatic content from
20% to 30%, with an accompanying decrease in the cetane number from 50 to 44, resultsin a 2%
to 5% increase in NO, and a 5% to 10% increase in total DPM (McCarthy et al., 1992; Ullman et
al., 1990; Sienicki et a., 1990; Graboski and McCormick, 1996). These ranges may be
reasonable upper bounds for the effect of changesin fuel quality on NO, and DPM emissions
during the years 1960-1990.

In the northern United States during wintertime, on-road No. 2 diesel may contain some
percentage of No. 1 diesal to improve cold-flow properties. Discussions with refiners indicate
that atypical wintertime No. 1 diesel blending level is 15 volume percent; however, this number
must be taken as arough estimate. Blending of No. 1 may lower the aromatic content, resulting
in improved emissions performance. Nationally, on-highway No. 1 fuels averaged 17% aromatic
content in 1994 (Dickson and Sturm, 1994). Thus, there may also be some small but perceptible
seasond changes in emissions from diesel engines.

Railroad-grade diesal fuel is significantly different from on-road fuel and is not required to
meet the ASTM specification for No. 2 oils. Diesdl fue oil surveys (Shelton, 1979) show that
raillroad grade diesels have lower cetane number, higher density, and higher T90. Also, the cetane
index for these fuels can be as much as 9 cetane units higher than the cetane number, an indication
of a high aromatic content in railroad grade diesels.

Fuel chemistry is also important for emission of particle-associated PAHS. In studies
performed over more than a decade, Williams and Andrews of the University of Leeds have
shown that the solvent extractable PAHs from diesal particulate originate amost entirely in the
fuel (Williamset a., 1987; Andrews et a., 1998). The PAH molecules are relatively refractory so
that a significant fraction survive the combustion process and condense onto the DPM. These
studies have been confirmed by other research groups (Crebelli et a., 1995; Tancell et a., 1995).
There is a consensus among these researchers that pyrosynthesis of PAHs occurs only at the
highest temperature operating conditionsin adiesel engine. Under these conditions, most of the
DPM and other pyrolysis products are ultimately burned before exiting the cylinder. These results
indicate that emissions of PAHs are more a function of the PAH content of the fuel than of engine
technology. For agiven refinery and crude oil, diesel fuel PAH correlates with total aromatic
content and T90. Representative data on aromatic content for diesel fuelsin the United States do
not appear to be available before the mid-1980s. However, the decreasing trend in cetane
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number, increasing trend in T90, and the increasing use of light cycle oil from catalytic cracking
beginning in the late 1950s suggest that diesel PAH content has increased over the past 40 years.
Historical trends in PAH-measured emissions are discussed in Section 2.2.8.2.

2.2.5. Chronological Assessment of Emission Factors
2.25.1. On-Road Vehicles

Numerous studies have been conducted on emissions from in-use on-road HD diesel
vehicles. HD vehicles are defined as having a rated gross vehicle weight (GVWR) of greater than
8,500 Ib, and most over-the-road trucks have a GVWR of 80,000 |b. Emissions of regulated
pollutants from these studies have been reviewed (Y anowitz et a., 2000); the review findings,
which encompass vehicles from model years 1976 to 1998, are summarized below. In addition, a
large amount of engine dynamometer data on HD diesal engines have been published since the
mid-1970s. These data are used below to confirm and expand upon the findings from in-use
vehicle testing.

Figure 2-16 shows chassis dynamometer data for more than 200 different vehicles
(approximately one-half of which are transit buses), reported in 20 different published studies, as
well as alarge amount of additional data collected by West Virginia University (Yanowitz et al.,
1999; Warner-Selph and Dietzmann, 1984; Dietzmann et a., 1980; Graboski et al, 1998a;
McCormick et a., 1999; Clark et a., 1997; Bata et al., 1992; Brown and Rideout, 1996, Brown
et a., 1997; Clark et a., 1995; Dunlap et al., 1993; Ferguson et a., 1992; Gautam et al., 1992;
Katragadda et al., 1993; Rideout et al., 1994; Wang et al., 1993, 1994; Williams et al., 1989;
Whitfield and Harris, 1998; Graboski et a., 1998b; West Virginia University data available on the
World Wide Web at www.afdc.nrel.gov). The results from vehicles tested more than once using
the same test cycle, and without any additional mileage accumulated between tests, are averaged
and reported as one data point. Buses were tested using the Central Business District (CBD)
cycle, while most trucks were tested using the Urban Dynamometer Driving Schedule (UDDS),
also known as the Schedule 1d cycle. Some of the trucks were tested using the West Virginia 5-
peak cycle, which generates considerably lower g/mi emissions than the CBD or UDDS
(Yanowitz et ., 1999). Emissions results from vehicles tested under different test cycles or at
different points in the engine's life cycle have been reported as separate data points. Note that all
NO, mass emissions data are reported as equivalent NO..

Table 2-7 compares the make-up of the fleet of trucks that was tested with the in-use
truck fleet according to the 1997 Vehicle Inventory and Use Survey (U.S. Bureau of the Census,
1999a). The tested fleet is mostly vehiclesin the 33,000-60,000 Ib range. Analysis of the tested
fleet aso shows that the model year distribution is skewed toward newer vehicles. The 1997
Vehicle Inventory and Use Survey indicates aflat distribution with roughly the same number of
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in-use vehicles for each of the model years in the decade preceding 1997. The 1992 Truck
Inventory and Use Survey (U.S. Bureau of the Census, 1995) shows the same trend, as shown in
Figure 2-1. Analysis of odometer mileage for the tested fleet shows that 45% of the vehicles had
less than 50,000 miles at the time of testing. Only 10% of the vehicles had more than 250,000
miles. While the mileage distribution of the in-use fleet is unknown, it seems unlikely to be as
heavily weighted to low mileage vehicles. Because of the relatively low-mileage of most of the
vehicles tested, deterioration of emissions may not be reflected in the results. Y anowitz and co-
workers (2000) report that average emissions of regulated pollutants for vehicles of the different
classes listed in Table 2-7 are approximately the same. Thisis clearly areflection of the small
number of vehiclesin the lighter weight classes for this dataset, but it also indicates no real
difference in emissions for vehiclesin Classes 6-8. The data are mainly for vehicles of 19,500 Ib
and greater GVWR (Classes 6 and 7 and heavier), and predominantly for vehicles of 33,000 Ib
and greater GVWR (Class 8 trucks and buses).

Figure 2-16 shows emissions trendsin g/mi. Least-squares linear regressions and 95%
confidence intervals are plotted on each graph and yield the following equations for predicting
emissions trends (applicable to the years 1976-98):

Log NO, (g/mile) = (Model year * ~0.008) + 16.519 R?=0.024 (2-1)
Log PM (g/mile) = (Model year * -0.044) + 88.183 R?*=0.28 (2-2)
Log HC (g/mile) = (Model year * -0.055) + 109.39 R?=0.27 (2-3)
Log CO (g/mile) = (Model Year * -0.041) + 82.876 R?=0.22 (2-4)

As shown in Figure 2-16, changes in NO, emissions have been relatively small, with an
emission rate averaging about 26 g/mi. The datareported in Figure 2-16 are real-world, in-use
emissions measurements and therefore more accurately reflect emission factors than engine test
data during this time period. There are two potential causes for the relative constancy of NO,
emissions as described by Figure 2-16. Thefirst is emissions deterioration due to engine wear.
Weaver and Klausmeier (1988) have shown that diesel engine deterioration results in lower NO,
emissions and higher DPM emissions, and this finding has recently been confirmed by McCormick
and co-workers (2000). Wear of mechanical devices that limit smoke, fuel pumps, and fuel
injectors alters the effective injection timing to decrease NO,. Since deterioration is more a
function of maintenance than vehicle age or mileage, deterioration introduces a wide range in NO,
emission factors measured in the chassis dynamometer studies. The lack of a decreasing trend in
NO, emissions can also be attributed to the use of illegal emissions control defeat devices, an issue
addressed by EPA in its recent settlement with the diesel engine manufacturers. The defeat
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devices produced low NO, emissions on the transient test (HD FTP) but operated in a high
NO,/high fuel economy mode in-use under highway cruise type conditions.

Figure 2-17 shows engine certification data for NO, emissions reported in the many
studies that have employed the transient test over the past 25 years. The engine testing data are
also listed in Table 2-8. The data compiled in Figure 2-17 show a significant decline in NO,
emissions, and al engines would appear to meet the regulatory standards for their year of
manufacture due to the defeat devices. During the period from 1980 to 1997, the EPA emissions
trends report (U.S. EPA, 1998a) predicted a decline in NO, emissions from HD diesel vehicles
since these data are based on engine test data. The emissions trend includes the growth in vehicle
miles traveled over time as well as changes in emission factors. The more recent trends inventory
(U.S. EPA, 20004, discussed earlier), accounts for the defeat devices and accordingly
demonstrates a dight increase in NOx emissions from on-road HD diesel vehiclesin the period
from 1990 to 1998.

DPM, CO, and THC emissions, athough widely variable within any model year, have
shown a pronounced declining trend (Figure 2-16). DPM emissions from chassis dynamometer
tests decreased from an average of 3-4 g/mi in 1977 to an average of about 0.5 g/mi in 1997,
suggesting a decrease in DPM emissions of afactor of about 6. Note that these data are for
vehicles or engines tested on in-use or industry average fuel at the time they were tested.
Indications are that the observed decline in DPM is caused primarily by changesin engine
technology that often result from emission standards, as well as by the lowering of on-road diesel
fuel sulfur content in 1993.

While a substantial decreasing trend in DPM emissions from in-use chassis dynomometer
testing and engine testing (Figure 2-18) is evident, these data reflect awide range in emission
factors within any given model year. For example, emission factors for model year 1996 range
from lessthan 0.1 g/mi to over 1 g/mi (Y anowitz et a., 2000; Graboski et a., 1998b). The high
variability in DPM emissions measured in the chassis dynamometer tests is observed due to
severa factors, including differences in measurement methods and test conditions at the various
testing facilities, deterioration, and engine-to-engine variation. While there can be excellent
agreement between chassis dynamometer testing facilities (Graboski et al., 1998a), there is no
standard HD chassis dynamometer Federal test procedure, and no detailed procedures for such
testing are described in any authoritative source such as the Code of Federal Regulations, which
does contain such procedures for engine dynamometer testing used for EPA emission regulations.
Therefore, each facility has developed its own approach to HD testing. Clark et al. (1999) report
that the test cycle can have a substantial effect on DPM emissions, with higher DPM emissions
reported from test cycles that incorporate full power accelerations. Test cyclesincorporating full
power accelerations reflect urban HD vehicle driving for several types of vehicles (garbage trucks,
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buses) operating in urban areas. Clark et a. (1999) also report that aggressive acceleration
produces higher DPM emission rates compared to conservative acceleration, and Clark and co-
workers suggest that real in-use driving is more likely to mimic aggressive acceleration. While
currently unquantified, it is generally believed that the mgjority of DPM is generated under
transient conditions such as heavy acceleration.

Weaver and Klausmeier (1988) have examined potential causes and frequency of DPM
emissions deterioration for in-use HD diesel vehicles. Potential causes include manufacturing
defects and malfunctions such as retarded timing, fuel injector malfunction, smoke limiting
mechanism problems, clogged air filter, wrong or worn turbocharger, clogged intercooler, engine
mechanical failure, excess oil consumption, and electronics that have been tampered with or have
failed. The recent report by McCormick and co-workers (2000) indicates that many of these
malfunctions can have very large effects on DPM emissions, resulting in DPM increases of
typically 50% to 100%. While Y anowitz and co-workers (1999) found that DPM emissions were
positively correlated with odometer mileage for afleet of 21 vehicles, it ismore likely that the
vehicle state of maintenance will be more important for determining the degree of emissions
deterioration than mileage. In fact, in asimilar analysis performed on the chassis dynamometer
results included in the review of Yanowitz et a. (2000), DPM emissions could not be correlated
with odometer mileage. Differences in testing methods between various facilities, as well as
varying states of maintenance for vehicles of the same mileage and model year probably account
for thislack of correlation.

It isdifficult, given current information, to quantitatively assess the contribution of high-
emitting or smoking diesel vehicles to ambient DPM. Emission models used to prepare diesel
particulate emission inventories presently do not account for deterioration. The relative
contribution of high-emitting diesel vehicles to the total mass and overall chemical composition of
diesdl particulates is presently being quantified. Some studies report numerous smoking diesel
trucks. A study of the smoke opacity based inspection and maintenance program in Caifornia
found failure rates of 20% and higher, suggesting that high-emitting vehicles are not uncommon
(CARB/EEALI, 1997). In the Northeast, smoke opacity testing conducted on 781 HD trucks
found that 15% of the vehicles failed the smoke standard (40% opacity for 1991 and newer HD
diesal vehicles and 50% opacity for pre-1991 HD diesel vehicles) (Cooper, 1999). While the
correlation between smoke and particul ate emissions tends to be qualitative or semiquantitative
(discussed below), there is agood correlation between opacity and elemental carbon
concentrations, and it is expected that high-emitting diesel vehicles may be an important part of
the DPM emission inventory.

Others have attempted to determine if the effects of deterioration could be detected for
in-use vehicles. In astudy of 21 vehicles (Yanowitz et al., 1999), alinear multivariate regression
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analysis found that DPM emissions were positively correlated with odometer mileage (severa
other correlation factors were aso identified, including model year). A similar analysis performed
on the chassis dynamometer results included in the review of Yanowitz et al. (2000) found that
DPM emissions could not be correlated with odometer mileage, probably because of differences
in testing methods between the various facilities.

Other approaches for measuring emissions from in-use on-road diesel vehicles include
tunnel tests and remote sensing, the latter of which measures gaseous, but not DPM, emissions.
The literature reports of those studies are summarized in Tables 2-9 and 2-10. Several tunnel test
studies have reported DPM emission factors (Pierson and Brachaczek 1976; Szkarlat and Japar
1983; Pierson et al., 1983; Kirchstetter et al., 1999; Gertler et al., 1995, 1996).

The method for determining emission rates for vehicles traveling through atunnel are
explained in detail by Pierson et a. (1996). Briefly, the emissions of a species are determined by
measuring the concentration of a pollutant entering and leaving a tunnel aong with knowledge of
the cross section of the tunnel and measurements of the wind flux at the inlet and outlet of the
tunnel. The emission rate is calculated by dividing the mass of the pollutant by the number of
vehicles that passed through the tunnel and the length of the tunnel. The diesel and gasoline
vehicle contributions to the total emission of the pollutant are separated by a ssimple regression
analysis where the intercepts (100% HD and 100% L D) are the diesel and gasoline emission rates,
respectively.

Emission factors from tunnel studies provide a snapshot of real-world emissions under
driving conditions experienced in the tunnel and reflect emission factors representative of the mix
of in-use vehicles and the atmospheric dilution and short-term transformation processes of diesel
exhaust. Emission factors derived from tunnel studies are often used as one source of information
to study the impact of improved technology and fleet turnover on emissions because they allow
random sampling of large numbers of vehicles, including a range of ages and maintenance
conditions. However, tunnel studies are limited in that they represent driving conditions on a
single roadway passing through a tunnel and represent mostly steady-state driving conditions,
whereas most DPM is generated during transient modes of operation; also tunnel studies do not
include cold-start operations. Both of these factors need to be assessed to understand emission
rates for DPM to which people are exposed (U.S. EPA 1992, 1995). DPM emission factors from
in-use fleets derived from tunnel studiesin the 1970s and 1980s compared with the 1990s suggest
approximately afivefold decrease in DPM mass emission factors, with the most recent data from
1999 reporting an emission factor of 0.29 g/mi for the on-highway HD diesdl fleet (Figure 2-19).

Emission factors vary substantially for the various tunnels, with NO, emissions ranging
from 9.7 to 23.8 g/mi in the 1990s, CO emissions ranging from 6 to 14 g/mi, and THC emissions
ranging from 0.16 to 2.55 g/mi.
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Remote sensing reports emission factors in terms of pollutant emissions per unit of fuel,
not on a per-mile basis. Agreement between remote sensing and tunnel studies for NO, emissions
is reasonably good for the fleet as awhole, suggesting an average level for the fleet of about 130
o/gal, comparable to the average emissions factor measured in chassis dynamometer studies
(remote sensing can measure emissions from an individual vehicle, while tunnel studies measure
emissions from the fleet asawhole). Generally, chassis dynamometer tests and engine
dynamometer test results are corrected for ambient humidity, in accordance with the Federal Test
Procedure (CFR 40, Subpart N). Tunnel tests and remote sensing tests have typically not
included corrections for humidity. Appropriate humidity corrections for NO, and DPM can be
greater than 20% and 10%, respectively (or atotal difference of more than 45% and 20%,
respectively, between low- and high-humidity areas), under normally occurring climatic
conditions. Additionally, the remote sensing literature has not addressed how to determine the
correct value for the NO/NO, ratio, and there is reason to believe that this value may differ
systematically from site to site, athough amost al of the NO, is NO asit leaves the vehicle.

In addition to the humidity correction discussed above, several factors must be taken into
account when comparing DPM measurements from tunnel tests to chassis dynamometer
measurements (Y anowitz et a., 2000): (1) Chassis testing measures only tailpipe emissions,
tunnel tests can include emissions from other sources (tire wear, etc.), and (2) tunnel tests
typically measure emissions under steady-speed freeway conditions, whereas most chassis
dynamometer tests are measured on cycles that are more representative of stop-and-go urban
driving conditions. This latter limitation also applies to remote sensing readings, which measure
instantaneous emissioNs versus emissions over a representative driving cycle.

Because THC emissions for diesel vehicles are very low in total mass in comparison to
gasoline vehicles, tunnel test results for THC have a high degree of uncertainty. A regression
analysis to determine the contribution of the limited number of HD vehiclesto THC emissionsis
unstable; small errorsin the total measurements can change estimates substantially. Similarly, CO
emissions are comparable to automobile emissions on a per-vehicle-mile basis, but since there are
generaly many more automobiles than HD diesals in tunndl tests, CO measurements from diesels
may also have a high degree of uncertainty.

As the discussion above indicates, there is a reasonable amount of data upon which to base
emission factor estimates for late 1970s and later HD vehicles. However, amost no transient test
data are available on engines earlier than the mid-1970s. Nevertheless, there are engine design
factors that allow reasonable assumptions to be made about emissions from engines in the mid-
1950 to 1970 timeframe. For example, the same means of controlling the engine' s air-fud ratio
was used over the period from 1950 to 1970. That is, air-fuel ratios richer than the “smoke limit”
of about 22:1 were avoided by fuel system control. This air-to-fuel ratio control, in essence,
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formed an “upper limit” on DPM emissions and was implemented before the advent of EPA
smoke standards for customer satisfaction reasons. Thereis only a qualitative correlation
between smoke (measured as smoke opacity) and particle emissions over the transient driving
cycle, but there is semiquantitative correlation between smoke and particle emissions over
steady-state operating modes (McGuckin and Rykowski, 1981). Additionaly, there is good
correlation between smoke and elemental carbon emissions (Alkidas, 1984). The fact that
engines, turbocharged or not, were controlled to avoid smoky operation makes it reasonable to
assume that they had emissions roughly at the mid-1970s level for many years before this
timeframe. Other than the increased use of turbochargers, HD diesel engine technology was
reasonably stable since the 1950s, with most engines having direct injection and a nearly constant
fraction of two-stroke versus four-stroke engines. Thus, it is likely that the emission factors
reported above for mid-1970s engines adequately represent the engines in use in the 1950-70
timeframe. Note that the impact of engine technology developments on emissions is specificaly
discussed in Section 2.2.6.

2.2.5.2. Locomotives

L ocomotive engines generally range from 1,000 horsepower up to 6,000 horsepower.
Similar to the much smaller truck diesal engines, the primary pollutants of concern are NO,,
DPM, CO, and HC. Unlike truck engines, most locomoative engines are not mechanically coupled
to the drive wheels. Because of this decoupling, locomotive engines operate in specific steady-
state modes rather than the continuous transient operation normal for trucks. Because the
locomotive engines operate only at certain speeds and torques, the measurement of emissionsis
considerably more straightforward for locomotive engines than for truck engines. Emissions
measurements made during the relatively brief transition periods from one throttle position to
another indicate that transient effects are very short and thus could be neglected for the purposes
of overall emissions estimates.

Emissions measurements are made at the various possible operating modes with the engine
in the locomotive, and then weighting factors for typical time of operation at each throttle
position are applied to estimate total emissions under one or more reasonabl e operating scenarios.
In the studies included in this analysis, two scenarios were considered: line-haul (movement
between cities or other widely separated points) and switching (the process of assembling and
disassembling trains in a switchyard).

The Southwest Research Institute made emissions measurements for three different
enginesin locomotives in 1972 (Hare and Springer, 1972) and five more engines in locomotives
using both low- and high-sulfur fuel in 1995 (Fritz, 1995). Two engine manufacturers (the
Electro-Motive Division of GM, and GE Transportation Systems) tested eight different engine
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models and reported the results to EPA (U.S. EPA, 1998b). All available data on locomotives are
summarized in the regulatory impact assessment and shown in Figure 2-20.

2.2.6. Engine Technology Description and Chronology

NO, emissions, DPM emissions, and brake-specific fuel consumption (BSFC) are among
the parameters that are typically considered during the development of adiesel engine. Many
engine variables that decrease NO, can aso increase DPM and BSFC. One manifestation of the
interplay among NO,, DPM, and BSFC is that an increase in combustion temperatures will tend to
increase NO formation via the Zeldovich mechanism. Higher temperatures will also often
improve thermal efficiency, can improve BSFC, and can increase the rate of DPM oxidation, thus
lowering DPM emissions. One example of thisis the tradeoff of DPM emissions and BSFC
versus NO, emissions with fuel injection timing. Many recent advances in reducing the emissions
of diesel engines without aftertreatment are combinations of technologies that provide incremental
improvements in the tradeoffs among these emissions and fuel consumption. The sum total,
however, can be considerable reductions in regulated emissions within acceptable levels of fuel
consumption.

The mgjority of current HD diesel truck engines certified for use in the United States
utilize:

. A four-stroke cycle

. Direct-injection, high-pressure (1,200 bar to >2,000 bar) fuel injection systems with

electronic control of injection timing and, in some cases, injection rate

. Centrally located multihole injection nozzles

. Three or four valves per cylinder

. Turbochargers

. In many cases, air-to-air aftercooling

. In some cases, the use of an oxidation catalyst.

These features have phased into use with HD truck engines because they offer arelatively
good combination of fuel consumption, torque-rise, emissions, durability, and the ability to better
“tune” the engines for specific types of applications. Fuel consumption, torque-rise, and
drivability have been maintained or improved while emissions regul ations have become more
stringent. Many Class 8aand 8b diesel truck engines are now capable of 700,000 to 1,000,000
miles of driving before their first rebuild and can be rebuilt several times because of their heavy
construction and the use of removable cylinder liners. These engines are expected to last longer
and therefore have a useful life longer than the regulatory estimate of full useful life for HD
engines (~1,000,000 miles) previously used by EPA (for 1980 engines that were driven less than
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300,000 miles between rebuilds and were rebuilt up to three times). Current four-stroke
locomotive engines use engine technology similar to on-highway diesel engines, except that
electronic controls have only recently been introduced.

It isdifficult to separate the components of current high-speed diesel engines for
discussion of their individual effects on emissions. Most of the components interact in numerous
ways that affect emissions, performance, and fuel consumption.

2.2.6.1. Indirect and Direct I njection High-Speed Diesel Engines

Prior to the 1930s, diesdl engine design was limited to relatively low-speed applications
because sufficiently high-pressure fuel injection equipment was not available. With the advent of
high-speed and higher pressure pump-line-nozzle systems, introduced by Robert Bosch in the
1930s, it became possible to inject the fuel directly into the cylinder for the first time, athough
indirect injection (IDI) diesal engines continued in use for many years. As diesels were introduced
into the heavy truck fleet in the 1930s through the 1950s, both IDI and direct injection (DI)
naturally aspirated variants were evident. A very low-cost rotary injection pump technology was
introduced by Roosa-Master in the 1950s, reducing the cost of DI systems and alowing their
introduction on smaller displacement, higher speed truck engines. After thistime, only a small
fraction of truck engines used an IDI system.

DI diesel engines have now all but replaced IDI diesel engines for HD on-highway
applications.? 1DI engines typically required much more complicated cylinder head designs but
generaly were capable of using less sophisticated, lower pressure injection systems with less
expensive single-hole injection nozzles. 1Dl combustion systems are aso more tolerant of lower
grades of diesel fuel. Fuel injection systems are likely the single most expensive component of
many diesel engines. Caterpillar continued producing both turbocharged and naturally aspirated
IDI diesal engines for some on-highway applications into the 1980s. Caterpillar and Deutz till
produce engines of this type, primarily for use in underground mining applications. 1DI
combustion systems are still used in many small-displacement (<0.5 L/cylinder), very high-speed
(>3,000 rpm rated speed) diesel engines for small nonroad equipment (small imported tractors,
skid-steer loaders), auxiliary engines, and small generator sets, and they were prevalent in diesel
automotive engines in the 1980s; IDI designs continue to be used in automotive diesel engines.

IDI engines have practically no premixed burn combustion and thus are often quieter and
have somewhat lower NO, emissions than DI engines. Electronic controls, high-pressure
injection (e.g., GM 6.5), and four-valve/cylinder designs (e.g., the six-cylinder Daimler LD

>The GM Powertrain/AM General 6.5L electronically controlled, turbocharged IDI-swirl chamber engine, certified
asalight HD diesel truck engine, is the last remaining HD on-highway DI engine sold in the United States.
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engine) can be equally applied to IDI diesel engines asin DI, but they negate advantages in cost
over DI engines. DI diesel engines of the same power output consume 15% to 20% less fuel than
IDI engines (Heywood, 1988). Considering the sensitivity of the HD truck market to fuel costs,
this factor alone accounts for the demise of IDI diesdl engines in these types of applications.
Throttling and convective heat transfer through the chamber-connecting orifice, and heat rejection
from the increased surface area of 1Dl combustion systems, decrease their efficiency and can
cause cold-start difficulties when compared to DI designs. Most IDI diesel engine designs require
considerably higher than optimum compression ratios (from an efficiency standpoint) to aid in
cold-starting (19:1 to 21:1 for IDI enginesvs. ~15:1 to 17:1 for DI engines). Because of the
early introduction of DI technology into truck fleets, it is likely that by the end of the 1960s, only
asmall fraction of the HD diesel engines sold for on-highway use were IDI engines. It isunlikely
that the shift from IDI to DI engine designs through the 1950s and 1960s occurred rapidly and
likely that this shift had little significant impact on emissions. Springer (1979) reports a
comparison of nearly identical Caterpillar 3406 engines (turbocharged and aftercooled) in DI and
IDI configurations tested on an engine dynamometer under steady-state conditions, which limits
the usefulness of these data. There is no significant difference in emissions of DPM, soluble
organic fraction (SOF), aldehydes, or DPM-associated benzo[a]pyrene (Table 2-8). Note that

IDI designs continue to be used in automotive diesel engines.

2.2.6.2. Injection Rate

Decreasing the duration of diffusion combustion and promoting elemental carbon
oxidation during the expansion stroke can reduce formation of elemental carbon agglomerates
(Stone, 1995) and reduce the particul ate carbon fraction at high load (Needham et al., 1989).
Both of these effects are enhanced by increasing the fuel injection rate. The primary means of
accomplishing thisis by increasing fuel injection pressure. 1n 1977 Robert Bosch introduced a
new type of high-pressure pump capable of producing injection pressures of 1,700 bar at the
nozzle (Voss et d., 1977). Thisincreased fuel injection pressure by roughly afactor of 10. Unit
injection, which combines each fuel injection nozzle with individual cam-driven fuel pumps, can
achieve very high injection pressures (>2,000 bar). The first combination of unit injectors with
electronically controlled solenoids for timing control was offered in the United States by Detroit
Diesdl Corporation in the 1988 model year (Hames et a., 1985). Replacement of the injection
cam with hydraulic pressure, allowing a degree of injection rate control, was made possible with
the hydraulic-electronic unit injection jointly developed by Caterpillar and Navistar, introduced on
the Navistar T444E engine (and variants) in 1993.

It iswidely known that high fuel injection pressures have been used to obtain compliance
with the PM standards that went into effect in 1988 (Zelenka et a., 1990). Thus, itislikely that a
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transition to this technology began in the 1980s, with the vast mgjority of new engine sales
employing this technology by 1991, when the 0.25 g/bhp-hr Federal PM standard went into effect.

The use of electronic control of injection rate is rapidly increasing on medium HD diesel
engines. Engines are currently under development, perhaps for 2002—2004 introduction, that use
common-rail fuel injection systems with even more flexible control over injection pressure and
timing than previous systems.

Increased injection rate and pressure can significantly reduce elemental carbon emissions,
but it can also increase combustion temperatures and cause an increase in NO, emissions
(Springer, 1979; Watson and Janota, 1982; Stone, 1995). Low NO,, low DPM, and relatively
good BSFC and brake mean engine pressure (BMEP) are possible when combined with
turbocharging, aftercooling, and injection timing retard.

2.2.6.3. Turbocharging, Charge-Air Cooling, and Electronic Controls

Use of exhaust-driven turbochargers to increase intake manifold pressure has been applied
to both IDI and DI diesel engines for more than 40 years. Turbocharging can decrease fuel
consumption compared to a naturally aspirated engine of the same power output. Turbocharging
utilizes otherwise wasted exhaust heat and pressure to generate intake boost. The boosted intake
pressure effectively increases air displacement and increases the amount of fuel that can be
injected to achieve agiven fuel-air equivalence ratio. Turbocharging increases the power density
of an engine. Boosting intake pressure via turbocharging and reducing fuel-to-air ratio at a
constant power can significantly increase both intake temperatures and NO, emissions. Increased
boost pressure can significantly reduce ignition delay, which reduces VOC and DPM SOF
emissions (Stone, 1995) and increases the flexibility in selection of injection timing. Injection
timing on turbocharged engines can be retarded further for NO, emission control with less of an
effect on DPM emissions and fuel consumption. This alows arough parity in NO, emissions
between turbocharged (non-aftercooled) and naturally aspirated diesel engines (Watson and
Janota, 1982).

Turbocharging permits the use of higher initia injection rates (higher injection pressure),
which can reduce particulate emissions. Although this may offer advantages for steady-state
operation, hard accelerations can temporarily cause overly fuel-rich conditions because the
turbocharger speed lags behind arapid change in engine speed (turbo-lag). This can cause
significant increases in DPM emissions during accelerations. Before the advent of electronic
controls, the effect of acceleration on DPM emissions could be limited by mechanically delaying
demand for maximum fuel rate with a*“smoke-puff eliminator.” Since this device also limited
engine response, there was considerable incentive for the end-users to remove or otherwise render
the device inactive. Charge-air cooling, for example, using an air-to-air aftercooler (air-cooled
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heat exchanger) between the turbocharger compressor and the intake manifold, can greatly reduce
intake air and peak combustion temperatures. When combined with injection timing retard,
charge-air cooling allows a significant reduction in NO, emissions with acceptable BSFC and
DPM emissions when compared to either non-aftercooled or naturally aspirated diesel engines
(Hardenberg and Fraenkle, 1978; Pischinger and Cartellieri, 1972; Stone, 1995). The use of
charge-air cooling effectively shiftsthe NO,-DPM tradeoff curve, as shown in Figure 2-21.

Electronic control of fuel injection timing allowed engine manufacturers to carefully tailor
the start and length of the fuel injection events much more precisely than through mechanical
means. Because of this, newer on-highway turbocharged truck engines have virtually no visible
smoke on acceleration (although emissions of DPM are substantial during this driving mode).
Electronic controls also allowed fuel injection retard under desirable conditions for NO,
reduction, while still allowing timing optimization for reduced VOC emissions on start-up,
acceptable cold-weather performance, and acceptable performance and durability at high altitudes.
Previous mechanical unit injected engines (e.g., the 1980s Cummins L 10, the non-DDEC DDC
6V 92) were capable of reasonably high injection pressures, but they had fixed injection timing that
only varied based on the hydraulic parameters of the fuel system. Many other engines with
mechanical in-line or rotary injection pumps had only coarse injection timing control or fixed
injection timing.

Precise electronic control of injection timing over differing operating conditions also
allowed HD engine manufacturers to retard injection timing to obtain low NO, emissions during
highly transient urban operation, similar to that found during emissions certification. HD engine
manufacturers also advanced injection timing during less transient operation (such as freeway
driving) for fuel consumption improvements (~3% to 5%) at the expense of greatly increased NO,
emissions (approximately three to four times regulated levels). This particular Situation resulted
in the recent consent decree settlements between the Federal Government and most of the HD
engine manufacturers to assure effective NO, control in al driving conditions, including on-
highway high speed steady-state driving.

Turbocharged engines entered the market very slowly beginning in the 1960s. Data for
DPM emissions from naturally aspirated engines of model years 1976 to 1983 are compared with
DPM emissions from turbocharged engines in Figure 2-22. It is apparent that thereisno
consistent difference in DPM emissions between turbocharged and naturally aspirated engines.
While not plotted, the data also show no difference in emissions of NO,, DPM SOF, or DPM-
associated benzo[ a]pyrene and 1-nitropyrene.

Charge-air cooling was introduced during the 1960s and was initially performed in a heat
exchanger using engine coolant. Cooling of the charge-air using ambient air as the coolant was
introduced into heavy trucks by Mack in 1977 with production of the ETAY (B)673A engine
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(Heywood, 1988). Use of ambient air allowed cooling of the charge-air to much lower
temperatures. Most HD diesel engines sold today employ some form of charge-air cooling, with
air-to-air aftercooling being the most common. Johnson and co-workers (1994) have presented a
comparison of similar engines that differ in that the charge-air is cooled by engine coolant (1988
engine) and by ambient air, with a higher boost pressure for the second (1991 engine). The 1991
engine also used higher pressure fuel injectors. The 1991 engine exhibited both lower DPM
emissions (50% lower than the 1988 engine) and lower NO, emissions. Higher injection pressure
islikely to have enabled the reduced DPM emissions, while the lower charge-air temperature and
the ability to electronically retard the injection timing under some conditions likely enabled the
lower NO, emissions.

It is apparent on the basis of both the literature and certification data that turbochargers
with aftercoolers can be used in HD engines in conjunction with other changes to produce a
decrease in emissions. Upon the advent of aNO, standard in 1985, NO, was probably reduced on
the order of 10% to 30% in turbocharged aftercooled engines with retarded injection timing. This
decrease in emissions is not evident in the in-use chassis testing data because of deterioration and
the use of illegal defeat devices as described above. Overall, it is expected that enginesin the
1950 to mid-1970s timeframe would have ssimilar DPM emission rates, while post-1970 engines
would have somewhat lower DPM emission rates.

2.2.6.4. Two-Stroke and Four-Stroke High-Speed Diesel Engines

A detailed discussion of the two- and four-stroke engine cycles can be found in the
literature (Heywood, 1988; Taylor, 1990; Stone, 1995). Nearly al high-speed two-stroke diesel
engines utilize uniflow scavenging assisted by a positive-displacement blower (Figure 2-23).
Uniflow-scavenged two-stroke diesels use poppet exhaust valves similar to those found in four-
stroke engines. The intake air enters the cylinder through a pressurized port in the cylinder wall.
A crankshaft-driven, positive-displacement blower (usually aroots-type) pressurizes the intake
port to ensure proper scavenging. A turbocharger may be added to the system to provide
additional boost upstream of the blower at higher speeds and to reduce the size and parasitic
losses associated with the positive-displacement blower.

Two-stroke diesel engines can achieve efficiency comparable to four-stroke counterparts
and have higher BMEP (torque per unit displacement) (Heywood, 1988). It isuseful to note that
the two-stroke cycle fires each cylinder once every revolution, while the four-stroke cycle fires
every other revolution. Thus, for a given engine size and weight, two-strokes can produce more
power. However, two-stroke diesel engines are less durable than their four-stroke counterparts.
Lubricating oil is transferred from the piston rings to the intake port, which causes relatively high
oil consumption relative to four-stroke designs. Durability and low oil consumption are desirable
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for on-highway truck applications. This may be why four-stroke engines have been favored for
these applications since the beginning of diesalization in the trucking industry, with the notable
exception of urban bus applications. Although it is no longer in production, the Detroit Diesel

6V 92 series of two-stroke diesel enginesis still the most popular for urban bus applications,
where the high power density allows the engine to be more easily packaged within limited spaces.
The primary reason that two-stroke engines like the 6V92 are no longer offered for urban bus
applications is excessive DPM emissions. The lubricating oil control with two-strokes tends to be
lower for two-stroke engines, and therefore, emissions have higher VOC and organic DPM
emissions relative to four-stroke designs. This was particularly problematic for urban bus
applications because urban bus engines must meet tighter Federal and California PM emissions
standards. The current urban bus PM standard (0.05 g/bhp-hr) is one-half of the current on-
highway HD diesal engine PM standard, although EPA isin the process of proposing more strict
standards for HD diesel truck engines along with further reductions in diesdl fuel sulfur levels. No
two-stroke diesel engine designs have been certified to meet the most recent urban bus PM
emissions standards, and Detroit Diesel Corporation has not certified a two-stroke diesel engine
for on-highway truck use since 1995.

A comprehensive review of emissions from hundreds of vehicles (1976-98 model years)
that had been tested on chassis dynamometers found that DPM emissions vary substantially within
agiven model year and that within that variation there are no discernable differencesin DPM
emissions between two- and four-stroke vehicles (Figure 2-24) (Y anowitz et a., 2000). DPM
emission factors reported for engine tests also indicate that two- and four-stroke engines have
comparable emission factors, since these engines all had to meet the same regulatory standard
(Figure 2-25). In contrast to DPM emissions, evidence suggests that mid-1970s two-stroke
engines exhibited very high SOF levels compared to four-stroke engines during that timeframe
with later model years showing similar SOF emissions for two- and four-stroke engines (Figure 2-
26). For aldehydes, benzo[a]pyrene, and 1-nitropyrene, data are available for only one two-stroke
engine, but they indicate no significant difference in emissions from comparable model year four-
stroke engines. Overall, regulated emissions changes due to changing proportions of two- and
four-stroke engines in the in-use fleet do not appear to have influenced DPM emission levels, but
the transition to four-stroke engines in the 1970s would have decreased the fraction of SOF
associated with the DPM. It appears that the proportion of two-stroke enginesin the in-use fleet
was relatively constant until the late 1980s when it began to decline.
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2.2.7. Air Toxic Emissions

Heavy-duty diesel vehicle exhaust contains several substances that are known, likely, or
possible human or animal carcinogens, or that have serious noncancer health effects. These
substances include, but are not limited to, benzene, formaldehyde, acetaldehyde, 1,3-butadiene,
acrolein, dioxin, PAH and nitro-PAH (the complete list of chemically characterized compounds
present in diesel exhaust is provided in Section 2.3.1). Very few historical data are available to
examine changes in emission rates over time. In this section, trends in aldehyde emissions over
time and a summary of dioxin emission factors are presented. PAH and nitro-PAH emission
factors are discussed in Section 2.2.8.2.

2.2.7.1. Aldehyde Emissions

Among the gaseous components emitted by diesel engines, the aldehydes are a particularly
important component because they comprise an important fraction of the gaseous emissions and
they are probable carcinogens that also produce noncancer health effects. Formaldehyde
comprises the mgority of the aldehyde emissions (65% to 80%), with acetaldehyde being the
second most abundant aldehyde in HD diesel emissions. Tota adehyde emissions reported from
chassis dynamometer testing suggest that aldehyde emissions have declined since 1980; however,
only two tests reported adehydes from engines made after 1985 (Figure 2-27). Engine
dynamometer studies also suggest a downward trend in the emissions of adehydesin the time
period from 1976 to 1994 (Figure 2-28). Engine dynamometer studies report aldehyde emission
levels of 150-300 mg/bhp-hr for late 1970s engines with no significant effect of turbocharging, or
IDI versus DI. High-pressure fuel injection may have resulted in a marginal increase in adehyde
emissions (Springer, 1979). By comparison, 1991 model year engines (DI, turbocharged)
exhibited aldehyde emissions in the 30-50 mg/bhp-hr range (Mitchell et al., 1994).

2.2.7.2. Dioxin and Furans

Ballschmiter et al. (1986) reported detecting polychlorinated dibenzo-p-dioxins (CDDs)
and polychlorinated dibenzofurans (CDFs) in used motor oil and thus provided some of the first
evidence that CDDs and CDFs might be emitted by the combustion process in diesel-fueled
engines. Incomplete combustion and the presence of a chlorine source in the form of additivesin
the ail or the fuel were speculated to lead to the formation of CDDs and CDFs. Since 1986,
severa studies have been conducted to measure or estimate CDD/CDF concentrations in
emissions from diesel-fueled vehicles. These studies can be characterized as direct measurements
from the engine exhaust and indirect measurements as indicated by the sampling of air within
transportation tunnels.
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Table 2-11 isa summary of various CDD/CDF emission characterization studies reported
in the United States and Europe for diesel-fueled cars and trucks. Hagenmaier et a. (1990)
reported an emission factor for LD diesel vehicles of 24 pg TEQ per liter of diesel fuel consumed.
TEQ, or the toxic equivalency factor, rates each dioxin and furan relative to that of 2,3,7,8-
TCDD, which is arbitrarily assigned a TEQ of 1.0. Schwind et al. (1991) and Hutzinger et al.
(1992) studied emissions of CDDs/CDFs from German internal combustion engines running on
commercial diesel fuels and reported a range of CDD/CDF emission rates across the test
conditions (in units of pg TEQ per liter of diesel fuel consumed) of 10-130 pg TEQ/L for diesel
car exhaust and 70-81 pg TEQ/L for diesel truck exhaust.

In 1994, Hagenmaier reported CDD/CDF emissions from a diesel-fueled bus and found no
detectable levels in the exhaust (at a detection limit of 1 pg /L of fuel consumed) for individual
congeners. In 1987, the California Air Resources Board (CARB) produced a draft report of a
HD engine tested under steady-state conditions indicating a TEQ emission factor of 7,290 pg/L of
fuel burned (or 1,300 pg/km driven) if nondetected values are treated as one-half the detection
limit. Treating nondetected values as zeros yields a TEQ concentration equivalent to 3,720 pg/L
of fuel burned (or 663 pg/km driven) (Lew, 1996). Norbeck et a. (1998c) reported emission
factors for dioxin and furans from a Cummins L10 HD diesdl engine running on pre-1993 fuel of
0.61 pg/L and 0.41 pg/L for the same engine running on reformulated fuel. The low emission
factors reported by Norbeck et a. (1998c) were attributed to losses of dioxin and furan
compounds to the dilution tunnel walls.

EPA has directly sampled the exhaust from a HD diesdl truck for the presence and
occurrence of CDDS/CDFs (Gullett and Ryan, 1997). The average of five tests (on highway and
city street driving conditions) was 29.0 pg TEQ/km with a standard deviation of 38.3 pg
TEQ/km; this standard deviation reflects the 30-fold variation in the two city driving route tests.

Tunnel studies are an indirect means of measuring contaminants that may be associated
with emissions from cars and trucks. In these studies, scrapings of carbonaceous matter from the
interior walls of the transportation tunnel or the tunnel air are sampled and analyzed for the target
contaminants. Several European studies and one recent U.S. study evaluated CDD/CDF
emissions from vehicles by measuring the presence of CDDS/CDFs in tunnel air. This approach
has the advantage that it allows random sampling of large numbers of vehicles passing through the
tunnel, including a range of ages and maintenance levels. The disadvantage of this approach is
that it relies on indirect measurements (rather than tail pipe measurements), which may introduce
unknown uncertainties into the interpretation of results.

Oehme et a. (1991) reported the emission rates associated with HD diesel trucks as
follows: uphill = 9,500 pg TEQ/km; downhill = 720 pg TEQ/km; mean = 5,100 pg TEQ/km.
The mean values are the averages of the emission rates corresponding to the two operating
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modes. vehicles moving uphill on a3.5% incline at an average speed of 37 mi/hr and vehicles
moving downhill on a 3.5% decline at an average speed of 42 mi/hr.

Wevers et al. (1992) measured the CDD/CDF content of air samples taken during the
winter of 1991 inside atunnel in Antwerp, Belgium. The results obtained indicated that the tunnel
air had a dioxin TEQ concentration about twice as high as the outside air (80.3 fg TEQ/m? for
tunnel air vs. 35 fg TEQ/m? for outside air for one set of measurements and 100 fg TEQ/m® for
tunnel air vs. 58 fg TEQ/m? for outside air for a second set of measurements).

During October/November 1995, Gertler et a. (1996, 1998) measured CDDS/CDFsin the
Fort McHenry Tunnel in Baltimore, Maryland. The emission factors calculated, assuming that all
CDD</CDFs emitted in the tunnel were from HD vehicles, are presented in Table 2-12. The
average TEQ emission factor was reported to be 172 pg TEQ/km. The major uncertaintiesin the
study were tunnel air volume measurement, sampler flow volume control, and analytical
measurement of CDDS/CDFs (Gertler et al., 1996, 1998).

The relative strengths of the Gertler et a. (1996; 1998) study include: (1) The study isa
recent study conducted in the United States and thus reflects current U.S. fuels and technol ogy;
(2) virtually no vehicle using the tunnel used leaded gasoline, which is associated with past
emissions of CDDs and CDFs from gasoline-powered vehicles; (3) the tunnel walls and streets
were cleaned 1 week before the start of sampling, and in addition, the study analyzed road dust
and determined that resuspended road dust contributed only about 4% of the estimated emission
factors; (4) HD vehicles made up, on average, arelatively large percentage (25.7%) of vehicles
using the tunnel; and (5) alarge number of HD vehicles, approximately 33,000, passed through
the tunnel during the sampling period, which generates confidence that the emission factor is
representative of interstate trucks.

The EPA Office of Research and Development’ s dioxin source emission inventory
estimates that 33.5 g of dioxin TEQ (total 2,3,7,8-TCDD equivalents) were emitted from HD
U.S. trucksin 1995. Thisisavery smal contribution(1.2 %) compared with the national annual
emission of 2,800 g CDDS/CDFs.

2.2.8. Physical and Chemical Composition of Diesel Exhaust Particles

DPM is defined by the measurement procedures summarized in Title 40 CFR, Part 86,
subpart N. These procedures define DPM emissions as the mass of material collected on afilter
at atemperature of 52 °C or less after dilution of the exhaust. Asthe exhaust is diluted and
cooled, nucleation, condensation, and adsorption transform volatile material to solid and liquid
DPM. Asaconsequence of this process, diesel exhaust particles are aggregates of primary
spherical particles that consist of solid carbonaceous material and ash and that contain adsorbed
organic and sulfur compounds (sulfate) combined with other condensed material. The organic
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materia includes unburned fuel, engine lubrication oil, and low levels of partial combustion and
pyrolysis products.

The organic material is absorbed to the elemental carbon core and isalso foundin a
heterogeneoudly nucleated aerosol. This fraction of the DPM is frequently quantified as the SOF,
(i.e, the fraction that can be extracted by an organic solvent). Because of the toxicological
significance of the organic components associated with DPM, it isimportant to understand to the
extent possible, the historical changesin the composition of SOF and potential changesin the
fraction of SOF associated with DPM.

Various researchers have attempted to apportion the SOF to unburned oil and fuel sources
by thermogravimetric analysis and have found that the results vary with test cycle and engine
(Abbass et d., 1991; Wachter, 1990). Kittelson (1998) estimates that a typical composition of
SOF is about one-fourth unburned fuel and three-fourths unburned engine lubrication oil. Partial
combustion and pyrolysis products represented a very small fraction of the SOF on a mass basis
(Kittelson, 1998), which is confirmed in numerous other studies.

A number of investigators have tried to separate the organic fraction into various classes
of compounds. Schuetzle (1983) analyzed the dichloromethane extract of DPM from a LD diesel
engine and found that approximately 57% of the extracted organic mass is contained in the
nonpolar fraction. About 90% of this fraction consists of aliphatic HCs from approximately C,, to
about C,, (Black and High, 1979; Pierson et al., 1983). PAHs and alkyl-substituted PAHs
account for the remainder of the nonpolar mass. The moderately polar fraction (~9% w/w of
extract) consists mainly of oxygenated PAH species, substituted benzaldehydes, and nitrated
PAH). The polar fraction (~32% w/w of extract) is composed mainly of n-akanoic acids,
carboxylic and dicarboxylic acids of PAH, hydroxy-PAH, hydroxynitro-PAH, and nitrated N-
containing heterocyclic compounds (Schuetzle, 1983; Schuetzle et al., 1985).

Rogge et al. (1993) reported the composition of the extractable portion of fine DPM
emitted from two HD diesel trucks (1987 model year). The DPM filters were extracted twice
with hexane then three times with a benzene/2-propanol mixture. The extract was analyzed by
capillary gas chromatography/mass spectrometry (GC/MS) before and after derivatization to
convert organic acids and other compounds having an active H atom to their methoxylated
analogues. Unidentified organic compounds made up 90% of the eluted organic mass and were
shown to be mainly branched and cyclic HCs. From the mass fraction that was resolved as
discrete peaks by GC/MS, ~42% were identified as specific organic compounds. Most of the
identified resolved organic mass (~60%) consisted of n-alkanes, followed by n-alkanoic acids
(~20%). PAH accounted for ~3.5% and oxy-PAH (ketones and quinones) for another ~3.3%.

The distribution of the emissions between the gaseous and particulate phases is determined
by the vapor pressure of the individua species, by the amount and type of the DPM present
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(adsorption surface available), and by the temperature (Ligocki and Pankow, 1989). Two-ring
and smaller compounds exist primarily in the gas phase (e.g., naphthalene), while five-ring and
larger compounds (e.g., benzo[a]pyrene) are amost completely adsorbed on the particles. Three-
and four- ring compounds are distributed between the two phases. The vapor pressures of these
intermediate PAHs can be significantly reduced by their adsorption on various types of surfaces.
Because of this phenomenon, the amount and type of DPM present play an important role,
together with temperature, in the vapor-particle partitioning of semivolatile organic compounds
(SOCs).

The measurements of gas/particulate phase distribution are often accomplished by using a
high-volume filter followed by an adsorbent such as polyurethane foam (PUF), Tenax, or XAD-2
(Cautreels and Van Cauwenberghe, 1978; Thrane and Mikalsen, 1981; Yamasaki et al., 1982).
The pressure drop behind a high-volume filter or cascade impactor can contribute to volatilization
of the three- to five-ring PAHs from the PM (e.g., “blow-off”) proportional to their vapor
pressures. The magnitude of this blow-off artifact depends on a number of factors, including
sampling temperature and the volume of air sampled (Van Vaeck et al., 1984; Coutant et al.,
1988). Despite these problems from volatilization, measurements with the high-volume filters
followed by a solid adsorbent have provided most estimates of vapor-particle partitioning of
SOCsin ambient air, as well asinsights into the factors influencing SOC adsorption onto aerosols.
Significant fractions of phenanthrene, anthracene, and their alkylated derivatives, aong with
fluoranthene and pyrene, exist in the gas phase. PAHs with molecular weight greater than that of
pyrene are typicaly not observed on PUF samples. During the collection of particulate organic
compounds, adsorption of semivolatile PAHs can also occur as well as chemical transformation of
the semivolatile compounds (Schauer et al., 1999; Cantrell et al., 1988; Feilberg et a., 1999;
Cautreels and Van Cauwenberghe, 1978).

Most of the sulfur in the fuel is oxidized to SO,, but a small amount (1% to 4%) is
oxidized to SO, and converted to sulfate and sulfuric acid in the exhaust. Sulfate emissions are
roughly proportional to sulfur in the fuel. Since the reduction of the allowable sulfur content in
diesdl fuel in 1993, sulfate emissions have declined from roughly 10% of the DPM mass to around
1%. Particulate emissions from numerous vehicles tested using low sulfur fuel were found to
have a sulfate content of only about 1% (Y anowitz et a., 1999). Water content is on the order of
1.3 times the amount of sulfate (Wall et a., 1987).

Metal compounds and other elementsin the fuel and engine lubrication oil are exhausted
asash. Hare (1977) examined 1976 Caterpillar 3208 and DDC 6V-71 engines and found the
most abundant elements emitted from the 6V-71 engine were silicon, copper, calcium, zinc, and
phosphorus. From the Caterpillar engine the most abundant elements were lead, chlorine,
manganese, chromium, zinc, and calcium. Calcium, phosphorus, and zinc were present in the
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engine lubrication oil. The two-stroke 6V-71 engine had higher engine lubrication oil emissions
and therefore emitted higher levels of zinc, calcium, and phosphorus than the Caterpillar 3208
engine. Other elements may have been products of engine wear or contaminants from the exhaust
system. Springer (1979), in his study of 1977 Mack ETAY (B)673A and Caterpillar 3208 (EGR)
engines, found that calcium was the most abundant metallic element in DPM samples, with levels
ranging from 0.01 to 0.29 wt% of the DPM. Phosphorus and silica were the next most abundant
elements reported, and sodium, iron, nickel, barium, chromium, and copper were either present at
very low levels or were below detection limits. Roughly 1 wt% of the total DPM was represented
by the analyzed metals. There was no consistent difference in metal emissions between the
engines tested by Springer or between modes. Springer tested both engines on a 13-mode steady-
state test. Dietzmann and co-workers (1980) examined metal emission rates from four HD
vehicles tested using the UDDS chassis cycle. For the single two-stroke engine tested (1977
DDC 8V-71), calcium, phosphorus, and zinc emission rates were more than 10 times higher than
metal levels observed for three 1979 model year four-stroke engines because of higher engine
lubrication oil emissions. Metals accounted for 0.5% to 5% of total DPM, depending on engine
model. In addition to these studies, other source profiles for HD diesel engine emissions report
levels of chromium, manganese, mercury compounds, and nickel at levels above the detection
limit (Cooper et al., 1987).

In more recent studies, Hildemann and co-workers (1991) examined metalsin DPM from
the same two 1987 trucks (four-stroke engines) studied by Rogge and co-workers (1993).
Aluminum, silicon, potassium, and titanium were the only metals observed at statistically
significant levels. Taken together these made up less than 0.75 wt% of total DPM mass.
Lowenthal and co-workers (1994) also report metals emission rates for a composite sample of
severa diesal vehicles. The most abundant metals were zinc, iron, calcium, phosphorus, barium,
and lanthanum. Together these represented less than 0.3% of total DPM mass, with an emissions
rate of 3.3 mg/mi. Norbeck and co-workers (1998b) report engine transient test emissions of
metals for 21991 Cummin L10 engine. Silicon, iron, zinc, calcium, and phosphorus were
observed and together made up about 0.5% of total DPM, with an emissions rate of 1.2 mg/bhp-
hr.

2.2.8.1. Organic and Elemental Carbon Content of Particles

2.2.8.1.1. Measurement of the organic fraction. Various methods have been used to quantify
the organic fraction of DPM. The most common method has been Soxhlet extraction with an
organic solvent. Following extraction, the solvent can be evaporated and the mass of extracted
material (the SOF) determined, or aternatively the PM filter is weighed before and after
extraction and the extracted material can be further analyzed to determine concentrations of
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individual organic compounds. Vacuum oven sublimation is used to measure a comparable
quantity, the volatile organic fraction (VOF), which can be further speciated by GC with aflame
ionization detector. Other methods have also been employed, including thermal methods,
microwave extraction, sonication with an organic solvent, supercritical fluid extraction,
thermogravimetric analysis, and thermal desorption GC. Abbass et al. (1991) compared various
methods, including vacuum oven sublimation and 8 hours of Soxhlet extraction, with 4:1
benzene/methanol solvent for determination of SOF and found reasonably good agreement
between the two methods. The VOF value was typically 10% higher; however, this variation was
less than the coefficient of variation between measurements using the same method.

Thermal methods of organic carbon analysis include thermal optical reflectance (TOR) and
thermal optical transmittance (TOT). The extractable portion of total carbon, although commonly
used as a measure of organic compound content, is not equivalent to the organic carbon fraction
as measured by TOR or TOT. Japar et a. (1984) reported an average ratio of organic compound
measured by TOR to extractable mass of 0.70 + 0.05, when the extraction solvent was a
toluene/propanol-1 mixture. Thisratio may have resulted from the presence of both oxygenated
organic compounds and inorganic sulfate in the extracted mass.

Levson (1988) reviewed literature regarding the extraction efficiency of various solvents
and found contradictory results in many cases. He concluded that there is strong evidence that
the most commonly used solvent, dichloromethane, leads to poor recoveries of higher molecular
weight PAH. More recently, Lucas et a. (1999) reported the effect of varying
dichloromethane/benzene ratios in the solvent (from 25% to 100% dichloromethane) and
changing extraction times and found that the most effective extraction (i.e., the largest extracted
mass) utilized a 70% dichloromethane/30% benzene mixture and extraction times several times
longer than the commonly used 8-hour extraction period. Extractions of 70 hours using pure
dichloromethane were found to result in about twice as much SOF as extractions of only 12
hours. Between 6 and 24 hours of extraction time (the typical range of extraction times used), the
SOF recovered increased by about one-third. Using the most effective extraction conditions
(Soxhlet, 70 hours, 70:30 dichloromethane:benzene ratio), Lucas et a. (1999) were able to
extract over 90% of the total particulate mass.

Other researchers have investigated the relative quantities of mass removed by sequential
extraction by polar, moderately polar, and nonpolar solvents. The extracted nonpolar fraction
(cyclohexane) ranged from 56% to 90% of the SOF, the moderately polar (dichloromethane) from
6% to 22%, and the polar fraction (acetonitrile) from 4% to 29% (Dietzmann et al., 1980).

Water and sulfate are not soluble in cyclohexane or dichloromethane but are soluble in
acetonitrile.
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Although the reports on the extraction efficiencies for PAHs are in part contradictory, it
appears that Soxhlet extraction and the binary solvent system composed of aromatic solvent and
alcohol yield the best recovery of PAHS, as determined by C-B[a]P“(benzo[a]pyrene) spiking
experiments (Schuetzle and Perez, 1983). Limited recovery studies have shown that thereislittle
degradation or loss of diesel POM on the HPLC column. More than 90% of the mass and 70% to
100% of the Ames S. typhimurium-active material injected onto the column have been recovered
(Schuetzle et a., 1985).

The solvent polarity and extraction time used for measuring the SOF can have a significant
effect on the quantity reported. In the discussion that follows, every effort has been made to
compare only studies using comparable methods and to state what extraction methods were
employed.

2.2.8.1.2. Trendsin SOF emissions. SOF emission values are highly dependent on the test cycle
used. Various studies have shown that SOF generally increases at light engine loads and high
engine speeds because these conditions lead to low exhaust temperatures, where fuel and oil are
not as effectively oxidized (Scholl et al., 1982; Kittleson, 1998; Springer, 1979; Schuetzle and
Perez, 1983; Martin, 1981b; Shi et a., 2000). These conditions are more typically observed in
LD diesdl vehicle applications, and thus DPM from these vehicles typically emits DPM with a
higher SOF component than HD diesal vehicles (Norbeck et a., 1998c). Acceleration modes
normally cause increased emission of elemental carbon and an increase in total DPM emissions,
while organic components are more dominant when motoring (Wachter, 1990). Additionally,
cold-start test emissions of SOF have been shown to be approximately 25% higher than hot-start
emissions (Wachter, 1990).

The quantity of sulfur in diesel fuel has been suggested to have arole in the quantity of
SOF emitted (Sienicki et al., 1990; Tanakaet al., 1998). Sienicki et al. (1990) reported an
approximate 25% increase in SOF when sulfur concentrations are increased from 0.08% to
0.33%. The causeisunclear but several explanations have been put forth, including increased
absorption of organic compounds from the vapor phase onto the DPM by sulfates or sorbed
sulfuric acid. Alternately, it has been proposed that the measured SOF may include some sulfate,
so that the apparent increase in organic material is due instead to sulfate. Other fuel effects
include an increase in SOF emissions with ahigher T90 (or T95) and with an increase in aromatic
content (Barry et al., 1985; Sienicki et a., 1990; Tanaka et a., 1998; Rantanen et al., 1993).

Figures 2-29 and 2-30 show SOF emissions as a function of year for transient emissions
tests on chassis and engines, respectively. Both figures suggest a significant decline in SOF
emissions, on the order of afactor of 5 since about 1980. The highest SOF emissions are for two-
stroke engines built in the 1970s. These data indicate that SOF emission factors for newer model
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year vehicles are lower than SOF emission factors for pre-1990 model year vehicles and that this
decrease is similar to that observed for emissions of total DPM by model year.

Steady-state testing conducted on late 1970s engines reported SOF at levels between 0.1
and 0.9 g/bhp-hr, while engines from the late 1980s and 1990s al emit 0.03 g/bhp-hr or less
(Table 2-8). Hori and Narusawa (1998) measured emissions from engines produced two decades
apart, using identical analytical procedures, and found that SOF emission factors and the percent
contribution of SOF to DPM were lower in the new engine compared with the old engine, under
all tested engine load and speed conditions, and with different fuels. The authors reported that the
decrease in SOF was due to lower emissions of both lubricating oil and unburned fuel. Itis
evident that to meet the 1991 and 1994 U.S. emission standards, SOF emission rates would need
to be reduced from the levels of the previous decade, although one may expect differences in SOF
fractions of DPM with transient cycles used to determine compliance with emission standards
verus steady-state conditions used in earlier test programs (Kawatani et al., 1993; Wachter,
1990). Findly, in the past three decades for economic reasons, engine manufacturers have made
efforts to reduce oil consumption and increase the fuel efficiency of diesel engines, both of which
would be expected to reduce SOF emissions. Problems in achieving SOF reductions from two-
stroke engines have been one factor leading to the phase-out of these engines for on-road use
during the 1990s. No data are available prior to 1976 on SOF emissions from HD diesel vehicles.
The engine technology changes that occurred between the mid-1950s and mid-1970s (high
pressure direct injection and turbocharging, primarily) might be expected to increase the efficiency
of combustion and thereby reduce fuel-related SOF. SOF emissions levelsin the mid- to late
1970s may be used as a conservative (low) estimate of SOF emissions during the preceding two
decades.

The fraction of DPM attributed to SOF from chassis dynamometer studies also shows a
decreasing trend over time from SOFs that ranged up to approximately 50% in the 1980s to 20%
SOF or less in the 1990s (Figure 2-31). The wide range in SOF as a percent of DPM displayed in
Figure 2-31 is suspected to result from factors such as engine deterioration and test cycle. The
vehicle emissions data reported in Figure 2-31 do not overrepresent buses that are likely to emit
DPM with a greater fraction of SOF than other vehicles. Figure 2-32 presents SOF as afraction
of DPM from the same engine dynamometer studies reported in Figure 2-30. These data do not
reflect adownward trend in SOF as a fraction of DPM. Since similar extraction methods were
used in reports of the SOF in both the chassis and engine dynamometer studies, this does not
appear to be a source of the wide variability observed in the fraction of SOF reported. 1n some of
the engine studies, improved air:fuel ratio control was tested in an attempt to lower carbonaceous
DPM formation. Therefore, substantial differences in SOF as a percent of total DPM could be the
result of different engine technology or test conditions. The engine dynamometer results

7/25/00 2-38 DRAFT—DO NOT CITE OR QUOTE



COO~NOOMWNER

WWWwWwWwwWwNNNNNNNNNNRPRERRPRPRPRERPRRERER
O0DMWNRPOOONOOOIANWNPRPROOONOOODAMWWNEPR

presented in Figures 2-30 and 2-32 are from new, or relatively new, engines, that is, engines with
no deterioration, whereas the older engines tested on a chassis dynamometer may have
experienced significant deterioration that would increase SOF emissions as a percent of DPM.
One of the main differences suspected for the lack of a decreasing trend in the percent of SOF in
the engine dynamometer studiesis the test cycle used. The engine dynamometer tests typically
include test modes, such as high speed and low load, or low speed lugging modes, which produce
much higher SOF relative to DPM than the driving cycles used on the chassis tests.

It appears that as afraction of total DPM, SOF from new model year HD diesel vehiclesis
lower than that from older (pre-1990) HD diesel vehicles. However, as with total DPM
emissions, awide range in the fraction of SOF can be observed under different driving conditions
and from vehicles with extensive engine wear. In general, DPM emissions have alower fraction
of organic matter compared to gasoline PM (Table 2-13). Recent testing of HD engines at the
Desert Research Institute suggests that the organic carbon fraction of DPM is approximately
19%, while earlier studies reported in the U.S. EPA SPECIATE database suggest a dightly higher
organic fraction of DPM from HD diesel vehicles ranging from 21% to 36%. The SPECIATE
database represents older vehicles that, as discussed above, tend to have higher SOF emissions.
The organic carbon emissions from LD diesel vehicles recently reported by Norbeck et a. (1998c)
and those reported by the U.S. EPA SPECIATE suggest that LD diesel vehicles emit DPM with a
dightly higher organic content than HD diesel vehicles, ranging from 22% to 43%. Gasoline
engine PM emissions have recently been analyzed at the Desert Research Ingtitute by Fujita et a.
(1998) and Watson et al. (1998) for hot stabilized, visibly smoking vehicles, and cold-starts.
These data al indicate that LD gas vehicles emit PM with a higher fraction of organic matter than
diesdl vehicles, with the highest organic content measured from smoking and high-emitting
gasoline vehicles (averaging 76% organic carbon). One new finding from the data reported by
Fujitaet a. (1998) isthe roughly equivaent emission of organic and elemental carbon from cold-
start emissions of gasoline vehicles. Additional information is needed to characterize a range of
organic carbon for DPM from smoking and high-emitting diesel vehicles as well as cold-start HD
diesdl vehicles.

2.2.8.1.3. Trendsin EC content. The EC content of ambient PM samplesis one component of
the source profile commonly used to determine the contribution of diesel vehicles to ambient PM
samples (i.e., in source apportionment via chemical mass balance modeling). EC is not, strictly
speaking, aregulated pollutant, and so EC emissions are not routinely measured in tests of diesel
vehicles and engines. The scant data available on measured EC emissions from HD diesel vehicles
are plotted in Figure 2-33. Approximately one-half of these data, from the study of Norbeck et al.
(1998b), are for pickup trucks equipped with light and medium HD diesel engines which represent
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asmall portion of the diesel vehicle fleet. All of the 1994 and later model year pickup trucks are
equipped with diesel oxidation catalysts that oxidize the SOF component of DPM. EC emissions
from these vehicles are uniformly low. Results for the other three studies, all performed on HD
trucks, suggest adecline in EC emission rates by model year since the early 1980s. In a study
conducted in 1992, four HD vehicles of unknown vintage were tested and a combined EC
emission rate of 0.81 g/mi was reported, which consistent with the 1990 timeframe in Figure 2-33
(Lowenthal et al., 1994). EC as a percentage of total DPM in these studies ranged from 30% to
90%, most likely as aresult of different testing cycles and different engines.

Figure 2-34 presents these data as a fraction that EC comprises of total carbonaceous
matter in the emitted DPM. The carbonaceous matter attributable to EC varied widely in the
1980s from approximately 20% to 90%, while in more recent years, the data suggest a smaller
range in the EC fraction from approximately 50% to 90% (with one data point at 30%). Recent
emission profiles for HD diesel vehicles suggest that 75% + 10% of the DPM is attributable to
EC, whereas approximately 25% of gasoline PM is composed of EC, except for PM emissions
during gasoline vehicle cold-starts, which were found to have an EC content of approximately
42% (Table 2-13). These data also provide evidence that newer model year HD engines generally
emit DPM that is morerich in EC than older HD engines.
2.2.8.2. PAHsand Nitro-PAH Emissions

PAHS, nitro-PAHSs, and oxidized derivatives of these compounds have attracted
considerabl e attention because of their known mutagenic and, in some cases, carcinogenic
character (National Research Council, 1982). In this section, PAH and nitro-PAH concentrations
and emission rates and trends in emissions over time are presented.

2.2.8.2.1. PAHs identified in diesel exhaust. At least 32 PAHSs have been identified in the
exhaust of LD diesal vehiclesand HD diesel vehicles (Table 2-14) (Watson et al., 1998; Zielinska
et d., 1998). Table 2-15 lists the PAHs and thioarenes identified in three LD diesel vehicles
DPM extracts, reported as ng/g of DPM (Tong et a., 1984). SOF fractions accounted for 11%
to 15% of the total DPM mass for the LD diesel vehicles reported by Tong et al. (1984), whichis
lower than the LD diesel vehicles organic fraction reported by Norbeck et a. (1998c) in Table 2-
13. Among the PAHs reported by Watson et al. (1998) and Zielinska et al. (1998), the higher
molecular weight compounds (pyrene through coronene) that are expected to partition to the
particle phase have emission rates from HD diesdl vehicles ranging from below detection limits up
to 0.071 mg/mi. HD diesal vehicle emission rates for the lower molecular weight PAHs ranged
up to 2.96 mg/mi for dimethylnaphthalenes. 1n general, among the vehicles tested, PAH emission
rates were higher for LD diesel vehicles compared to HD diesdl vehicles. Table 2-16 presents
emission rates of four representative particle-phase PAHs from HD diesal vehicles, LD diesel
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vehicles, and gasoline (with and without catalytic converter) engines. Emission rates for
benzo[a]pyrene were higher in diesel emissions compared with gasoline emissions, except for the
report by Rogge et a. (1993), who used extraction methods different from those in other studies
(discussed above).

2.2.8.2.2. Nitro-PAHs identified in diesel exhaust. Positive isomer identification for 16 nitro-
PAHSs has been made utilizing the GC retention times of authentic standards and low- and high-
resolution mass spectra as identification criteria. These include 1-nitropyrene; 2-methyl-1-
nitronaphthal ene; 4-nitrobiphenyl; 2-nitrofluorene; 9-nitroanthracene; 9-methyl-10-
nitroanthracene; 2-nitroanthracene; 2-nitrophenanthrene; 1-methyl-9-nitroanthracene; 1-methyl-3-
nitropyrene; 1-methyl-6-nitropyrene; 1-methyl-8-nitropyrene; 1,3-, 1,6-, and 1,8-dinitropyrene;
and 6-nitrobenzo[a] pyrene. In addition, two nitrated heterocyclic compounds were identified, 5-
and 8-nitroquinoline. Forty-five additiona nitro-PAHs were tentatively identified in this diesel
particulate extract (Paputa-Peck et al., 1983). The concentration of nitro-PAHs adsorbed on
diesdl particles varies substantially from sample to sample. Usually 1-nitropyrene isthe
predominant component, and concentrations ranging from 7 to 165 pg/g of particles are reported
(Levsen, 1988).

Table 2-17 gives the approximate concentrations of several of the abundant nitro-PAHS
quantified in the early 1980s LD diesel particulate extracts (with the exception of 3-
nitrobenzanthrone, reported recently) in pg/g of particles. Concentrations for some of the nitro-
PAHSs identified range from 0.3 pg/g for 1,3-dinitropyrene to 8.6 pg/g for 2,7-dinitro-9-
fluorenone and 75 pg/g for 1-nitropyrene. More recent nitro-PAH and PAH data for HD diesel
engines are reported in units of g/bhp-hr or mass/volume of exhaust, making it impossible to
directly compare them to the older data (Norbeck et al., 1998; Bagley et al., 1996, 1998;
Baumgard and Johnson, 1992; Opris et al., 1993; Hansen et al., 1994; Harvey et al., 1994;
Kantolaet al., 1992; Kreso et al., 1998b; McClure et a., 1992; Pataky et al., 1994).

2.2.8.2.3. PAH and nitro-PAH emission changes over time. It isdifficult to compare PAH
emissions from different studies because not all investigators analyze for total PAH or the same
suite of PAH compounds. Most studies have reported emissions of benzo[a]pyrene (B[a]P), or 1-
nitropyrene (1-NP) due to their toxicological activity. The results of chassis dynamometer studies
in which B[a]P or 1-NP were measured are displayed in Figure 2-35. Dietzmann and co-workers
(1980) examined four vehicles equipped with late 1970s turbocharged DI engines. Emissions of
B[a]P from particle extracts ranged from 1.5 to 9 pg/mi. No correlation with engine technology
(one of the engines was two-stroke) was observed. Rogge and co-workers (1993) reported total
particle-associated PAH and B[a]P emissions from two 1987 model year trucks (averaged
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together, four-stroke and turbocharged engines). Thetota particle-phase PAH emission rate was
0.43 mg/mi and the B[a] P emission rate was 2.7 pg/mi. Particle-phase PAH in the Rogge et al.
(1993) study accounted for approximately 0.5% of total DPM mass. Schauer and co-workers
(2999) recently reported a particle-phase PAH emission rate of 1.9 mg/mi (accounting for about
0.7% of total DPM mass) for a 1995 MD turbocharged and intercooled truck. B[a]P emissions
were not reported, but emissions of individual species of similar molecular weight were
approximately 10 pg/mi. Schauer et a. (1999) also reported gas-phase PAH emission rate of 6.9
mg/mi for the same truck. Measurements of particle- and gas-phase PAHs conducted for the
Northern Front Range Air Quality Study in Colorado (Zielinska et al., 1998) showed an average
B[a]P emission rate of 13 pg/mi for 15 vehicles ranging from 1983-1993 model years. The
combined gas- and particle-phase PAH emission rate reported for the NFRAQS study was 13.5
mg/mi. B[a]P emissions from chassis studies are summarized in Figure 2-35. Zielinska (1999)
reports a decreasing trend in particle-associated diesel exhaust PAH from 11 measurements made
on vehicles from model year 1984 to 1993 with alow correlation coefficient of 0.29.

B[a]P emissions reported from diesel engine dynamometer studies are summarized in
Figure 2-36. Springer (1979) compared B[a] P emissions from naturally aspirated and
turbocharged engines and found that naturally aspirated engines emitted about 1 pg B[a] P/bhp-hr,
and DI and IDI engines emitted about 0.15 pg B[a]P/bhp-hr (Table 2-8). The difference between
1 and 0.15 pg/bhp-hr could not be attributed to specific technology changes. The majority of
engine test data indicate that B[a]P emissions have generally ranged from approximately 1 to 4
pg/bhp-hr over the past 25 years.

Emissions reported for 1-NP from diesel engines tested by chassis dynamometer ranges
from 0.1 to 12 pg/mi (Figure 2-35), and diesdl engines dynamometer studies report 1-NP
emission factors ranging from 1 to 4 pg/bhp-hr (Figure 2-36). Too few measurements are
available to discern trends in the emission rates of these compounds.

Asdiscussed in Section 2.2.4, Williams et a. (1987) and Andrews et a. (1998) of the
University of Leeds have demonstrated that the solvent-extractable PAH from diesel particulate
originates primarily in the fuel. PAH molecules are relatively refractory so that a significant
fraction survives the combustion process and is exhausted as DPM. These studies have been
confirmed by other research groups (Crebelli et al., 1995; Tancell et a., 1995) that included the
use of isotopic labeling of fuel PAH. Additionally, engine oil was found to be a reservoir for PAH
that originatesin the fuel. Pyrosynthesis of PAH occurs during very high temperature conditions
in adiesel engine, and under these conditions much of the DPM and other pyrolysis products are
ultimately oxidized before exiting the cylinder. Thus, pyrogenic formation of PAH is thought to
contribute a small fraction of the total PAH in diesel engine exhaust. As discussed above, fuel
PAH content is expected to have dowly increased over a 30-year period until 1993, after which
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PAH content of diesdl fudl is expected to have remained constant. Increasing use of catalytic
cracking over time may lead to increasing proportions of PAH in distillates; however, fuel
standards limit the aromaticity of fuel to 35%.

Recently, Norbeck et al. (19984) reported on the effect of fuel aromatic content on PAH
emissions. Three diesdl fuels were used in a Cummins L10 engine: pre-1993 fuel containing 33%
aromatic HC and 8% PAH; low aromatic fuel containing a maximum content of 10% aromatic
HC and maximum of 1.4% PAH; and areformulated fuel containing 20% to 25% aromatic HC
and 2% to 5% PAH. The investigators found that emission rates for the low molecular weight
PAHSs (PAHs < 3 rings) were significantly lower when the engine was tested using the low
aromatic fuel compared to when the engine was run on the pre-1993 or reformulated fuel (Table
2-18). While emission rates reported for several higher molecular weight (particle-associated)
PAHs were lower (ranging from four to28% lower) for the low aromatic fuel compared with the
other two fuels, the differences were not statistically significant except for coronene.

On the basis of these limited data it is difficult to draw a precise, quantitative conclusion
regarding how PAH, B[a]P or 1-NP emissions have changed over time and in response to fuel and
engine changes. A decrease in the range of PAH emission factors from post-1990 model year
vehicles and engines compared to pre-1990 vehicles and engines is suggested by the data;
however, the data also suggest that differencesin avehicles' engine type and make, general
engine condition, fuel composition, and test conditions can influence the emissions levels of PAH.

2.2.8.3. Particle Size

Figure 2-37 shows a generic size distribution for diesel particul ate based on mass and
particle number. Approximately 50% to 90% of the number of particlesin diesel exhaust arein
the ultrafine size range (nuclei mode), with the mgjority of diesel particles ranging in size from
0.005 - 0.05 um and the mode at about 0.02 um. These are believed to be aerosol particles
formed from exhaust constituents during cooling and to consist of sulfuric acid droplets, ash
particles, condensed organic material, and perhaps primary carbon spherules (Abdul-Khalek et al.,
1998; Baumgard and Johnson, 1996). While accounting for the majority of the number of
particles, ultrafine DPM accounts for only 1% to 20% of the mass of DPM.

Approximately 80% to 95% of diesel particle massisin the size range from 0.05to 1.0
um, with a mean particle diameter of about 0.2 um. These particles have avery large surface area
per gram of mass, which make them an excellent carrier for adsorbed inorganic and organic
compounds that can effectively reach the lowest airways of the lung. The elemental carbon core
has a high specific surface area of approximately 30 to 50 m?/g (Frey and Corn, 1967), and
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Pierson and Brachaczek (1976) report that after the extraction of adsorbed organic material, the
surface area of the diesdl particle core is approximately 90 m?/g.

Considerable caution is required when reporting particle size measurements from diesel
engine exhaust because dilution conditions during the measurement process significantly affect
size distributions (e.g., the size distribution is largely afunction of how it was measured), and
DPM size distributions obtained in dilution tunnel systems may not be relevant to size
distributions resulting from the physical transformation of engine exhaust in the atmosphere.

M easurements made on diluted diesel exhaust typically show higher numbers of nuclei mode
particles than do measurements made on raw exhaust because of condensation to form nuclel
mode aerosol upon cooling of the exhaust. Dilution ratio, sampling temperature, humidity,
relative concentrations of carbon and volatile matter, and other sampling factors can therefore
have alarge impact on the number and makeup of nuclei mode particles (Abdul-Khalek et a.,
1999; Shi and Harrison, 1999; Luders et a., 1998). Dilution air temperature and humidity can
have alarge effect on particle number and size distribution especially in the size range below 0.05
um (aso referred to as nanoparticles). Shi and Harrison (1999) report that a high dilution ratio
and high relative humidity favor the production of ultrafine particlesin diesel engine exhaust.
Abdul-Khalek et al. (1998) report that an increase in the residence time of the exhaust during
dilution resulted in an increase in the number of particlesin exhaust. Khatri et a. (1978) report
increased gas-phase HC condensation to DPM with a decrease in dilution air temperature. Some
studies report no peak in diesdl particlesin the ultrafine size range (Kleeman et al., 2000).
Kittelson (2000) reports that nanoparticle formation can be prevented by an oxidizing catalyst,
which burns organic components of the exhaust, making them unavailable for nucleation or
condensation to form an aerosol.

While dilution tunnel conditions clearly do not simulate what occurs when a diesal exhaust
plume enters the atmosphere, Gertler (1999) demonstrated an increase in 0.02 um particles as the
fraction of diesel vehiclesin the Tuscarora Mountain tunnel increased from 13% to 78%. These
data suggest that the mode at 0.02 um for ultrafine DPM from diesel exhaust is evidenced under
real-world conditions.

Several groups have shown that decreasing sulfur content decreases the number of nuclel
mode particles measured in the exhaust, assuming temperature is low enough and residence time
islong enough for nucleation and condensation of sulfate aerosol and water in the dilution tunnel
(Baumgard and Johnson, 1992, 1996; Opris et a., 1993; Abdul-Khalek et al., 1999). The
application of this finding to real-world conditions is difficult to predict, as the number of nuclei
mode particles formed from sulfate and water in the atmosphere will be determined by
atmospheric conditions, not by dilution tunnel conditions. With all other factors held constant, it
appears that reducing fuel sulfur content reduces the number of sulfate nuclei mode particles.
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Thus the reduction in on-road fuel sulfur content that occurred in 1993 is expected to have
reduced the number of sulfate particles emitted by diesel vehicles, or formed secondarily in the
atmosphere from diesel exhaust in many urban areas. As discussed above, the contribution of
sulfate to total DPM mass ranges from 1% to 5% and is therefore not a substantial portion of
DPM mass.

More controversial is the suggestion that the DPM emission size distribution from newer
technology engines (1991 and later) may be shifted to have a much higher number concentration
of nuclel mode particles, independent of fuel sulfur content (Kreso et al., 1998b; Abdul-Khalek
et a., 1998; Baumgard and Johnson, 1996; Bagley et al., 1996). For example, Kreso and co-
workers (1998b) compared emissions from a 1995 model year engine with measurements made
on 1991 and 1988 model year enginesin earlier studies (Bagley et a., 1993, 1996). Nuclei mode
particles made up 40% to 60% of the number fraction of DPM emissions for the 1988 engine and
97%+ of the DPM from the 1991 and 1995 engines. Number concentrations were roughly two
orders of magnitude higher for the newer engines. SOF made up 25% to 30% of DPM in the
1988 engine and 40% to 80% of DPM for the newer engines. Total DPM mass was significantly
reduced for the newer engines. It was suggested that increased fuel injection pressure leads to
improved fuel atomization and evaporation, leading to smaller primary carbonaceous particles.
Dilution conditions (relatively low temperature, low primary dilution ratio, long residence time of
more than 3 seconds) strongly favor the formation of nucleation products. The 1991 and 1988
engines were tested with 100 ppm sulfur fuel while the 1995 engine was tested with 310 ppm
sulfur fuel, which may confound the results to some extent.

The results of Kreso and co-workers (1998b) and of Bagley and co-workers (1993, 1996)
have been called into question because the high level of SOF emitted by the 1991 engine,
particularly at high-load test modes, was inconsistent with SOF values measured for other engines
using similar types of technology (Last et al., 1995; Ullman et al., 1995). Kittelson (1998) notes
that there is far less carbonaceous DPM formed in newer engines. Accumulation mode particles
may have provided a high surface area for adsorption of sulfate and unburned organic
compounds. In the absence of this surface area for adsorption, higher number concentrations of
small particles are formed from nucleation of HCs and sulfuric acid.

A study performed at EPA by Pagan (1999) suggested that increased injection pressure
can lead to the formation of more nuclel mode particles in the exhaust. Particle size distributions
were measured for diluted exhaust from an engine in which injection pressure could be varied
from roughly 35 to 110 MPa (about 5,000-16,000 psi), comparable to pressures obtained with
injection technology introduced in the 1980s. The dilution system and particle size measurement
set-up were identical in al experiments, removing some of the uncertainty in earlier studies that
compared engine tests performed years apart. The results showed a clear increase in the number
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of nuclei mode particles and a decrease in the number of accumulation mode particles as injection
pressure was increased. This shift did not occur, however, at high engine speeds and |oads but
only at low to intermediate speeds and loads. The increase in number concentration of nuclel
mode particles was much lower than the two orders of magnitude increase reported by Kreso et
al. (1998b) or Bagley et a. (1996). One must use caution in applying the results of Pagan to
modern high-injection pressure diesel engines with turbocharging/charge-air cooling because the
engine used by Pagan was a naturally aspirated engine to which high-pressure common rall
injection was applied. Thiswould likely preclude this particular engine from meeting current
on-highway PM or NO, standards. While some studies have suggested that increased injection
pressure can lead to elevated ultrafine DPM number counts, Kittelson et al. (1999) cite a German
study that reported a decrease in ultrafine DPM number and mass with increasing injection
pressure.

While the maority of particlesin diesel exhaust from modern on-road diesel engines arein
the ultrafine size range, evidence regarding a change in the size distribution over time is unclear.
To understand the size distribution of DPM to which people are exposed will require
measurements under conditions that more closely resemble ambient conditions.

2.3. ATMOSPHERIC TRANSFORMATION OF DIESEL EXHAUST

Primary diesel emissions are a complex mixture containing hundreds of organic and
inorganic constituents in the gas and particle phases, the most abundant of which are listed in
Table 2-19. The more reactive compounds with short atmospheric lifetimes will undergo rapid
transformation in the presence of the appropriate reactants, whereas more stable pollutants can be
transported over greater distances. A knowledge of the atmospheric transformations of gaseous
and particulate components of diesel emissions and their fate isimportant in assessing
environmental exposures and risks. This section describes some of the maor atmospheric
transformation processes for gas-phase and particle-phase diesel exhaust, focusing on the primary
and secondary organic compounds that are of significance for human health. For a more
comprehensive summary of the atmospheric transport and transformation of diesel emissions, see
Winer and Busby (1995).

2.3.1. Gas-Phase Diesdl Exhaust

Gas-phase diesal exhaust contains organic and inorganic compounds that undergo various
chemical and physical transformations in the atmosphere depending on the abundance of reactants
and meteorological factors such as wind speed and direction, solar radiation, humidity,
temperature, and precipitation. Gaseous diesel exhaust will primarily react with the following
species (Atkinson, 1988):
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. Sunlight, during daylight hours

. Hydroxyl (OH) radical, during daylight hours

. Ozone (O,), during daytime and nighttime

. Hydroperoxyl (HO,) radical, typically during afternoon/evening hours

. Gaseous nitrate (NO,) radicals or dinitrogen pentoxide (N,Os), during nighttime
hours

. Gaseous nitric acid (HNO;) and other species such as nitrous acid (HONO) and
sulfuric acid (H,SO,).

The major loss process for most of the diesel exhaust emission constituents is oxidation,
which occurs primarily by daytime reaction with OH radical (Table 2-20). For some pollutants,
photolysis, reaction with O, and reactions with NO, radicals during nighttime hours are aso
important removal processes. The atmospheric lifetimes do not take into consideration the
potential chemical or biological importance of the products of these various reactions. For
example, the reaction of gas-phase PAHs with NO, appears to be of minor significance as a PAH
loss process, but it is more important as a route of formation of mutagenic nitro-PAHs. The
reaction products for some of the major gaseous diesel exhaust compounds are listed in Table 2-
21 and are discussed briefly below.

2.3.1.1. Organic Compounds

The organic fraction of diesel isacomplex mixture of compounds, very few of which have
been characterized. The atm exhaust ospheric chemistry of several organic constituents of diesel
exhaust (which are also produced by other combustion sources) has been studied. A few of these
reactions and their products are discussed below. For a complete summary of the atmospheric
chemistry of organic combustion products, see Seinfeld and Pandis (1998).

Acetal dehyde forms peroxyacetyl nitrate, which has been shown to be a direct-acting
mutagen toward S. typhimurium strain TA100 (Kleindienst et al., 1985) and is phytotoxic.
Benzaldehyde, the simplest aromatic aldehyde, forms peroxybenzoyl nitrate or nitrophenols
following reaction with oxides of nitrogen (Table 2-21).

For those PAHSs present in the gas phase, reaction with the OH radical is the major
removal route, leading to atmospheric lifetimes of afew hoursin daylight. The gas-phase reaction
of PAHSs containing a cyclopenta-fused ring such as acenaphthene, acenaphthylene, and
acephenanthrylene with the nitrate radical may be an important loss process during nighttime
hours. Relatively few data are available concerning the products of these gas-phase reactions. It
has been shown that, in the presence of NO,, the OH radical reactions with naphthalene, 1- and 2-
methylnaphthal ene, acenaphthylene, biphenyl, fluoranthene, pyrene, and acephenanthrylene lead to
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the formation of nitroarenes (Arey et a., 1986; Atkinson, 1986, 1990; Zielinska et al., 1988,
1989a; Arey, 1998). In addition, in atwo-step process involving OH radical reaction and NO,
addition, 2-nitrofluoranthene and 2-nitropyrene can be formed and eventually partition to the
particle phase, as will other nitro-PAHS.

The addition of the NO, radical to the PAH aromatic ring leads to nitroarene formation
(Sweetman et al., 1986; Atkinson et al., 1987, 1990; Zielinska et al., 1989a). The gas-phase
reactions of NO, radical with naphthalene, 1- and 2-methylnaphthalene, acenaphthene,
phenanthrene, anthracene, fluoranthene, and pyrene produce, in general, the same nitro-PAH
isomers as the OH radical reaction, but with different yields (Arey et al., 1989; Sweetman et al.,
1986; Atkinson et a., 1987, 1990; Zidlinska et al., 1986, 1989a). For example, the same 2-
nitrofluoranthene is produced from both OH radical and NO, gas-phase reactions, but the reaction
with NO, produces a much higher yield. The production of several nitroarene compounds has
been studied in environmental chambers (Arey et a., 1989; Zielinska et a., 1990; Atkinson and
Arey, 1994; Arey, 1998; Feilberg et ., 1999), and generally the same nitro-PAH isomers formed
from reaction with OH and NO, radicals are observed in ambient air samples. Secondary
formation of nitroarenes through the gas-phase reactions of the 2-, 3-, and 4-ring PAHs is the
major source for many of the nitroarenes observed in ambient air (Pitts et al., 19853, b, c; Arey et
al., 1986; Zielinska et al., 1988). Photolysisisthe major removal pathway for nitroarenes with
lifetimes of approximately 2 hours (Feilberg et a., 1999; Nielsen and Ramdahl, 1986).

2.3.1.2. Inorganic Compounds

SO, and oxides of nitrogen (primarily NO) are emitted from diesel engines. SO, isreadily
oxidized by the OH radical in the atmosphere, followed by formation of the HO, radical and
HSO,, which rapidly reacts with water to form H,SO, aerosols. Because SO, is soluble in water,
it is scavenged by fog, cloud water, and raindrops. In aqueous systems, SO, is readily oxidized to
sulfate by reaction with hydrogen peroxide (H,0,), O,, or O, in the presence of a metal catalyst
(Calvert and Stockwell, 1983). Sulfur emitted from diesel enginesis predominantly (~98%) in the
form of SO,, a portion of which will form sulfate aerosols by the reaction described above.
Nonroad equipment, which typically uses fuel containing 3,300 ppm sulfate, emits more SO, than
on-road diesel engines, which use fuels currently containing an average of 340 ppm sulfur because
of EPA regulations effective in 1993 decreasing diesel fuel sulfur levels. EPA estimates that
mobile sources are responsible for about 7% of nationwide SO, emissions, with diesel engines
contributing 74% of the mobile source total (the majority of the diesel SO, emissions originate
from nonroad engines) (U.S. EPA, 1998b).

NO is also oxidized in the atmosphere to form NO, and particulate nitrate. The fraction of
motor vehicle NO, exhaust converted to particulate nitrate in a 24-hour period has been
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calculated using a box model to be approximately 3.5% nationwide, a portion of which can be
attributed to diesel exhaust (Gray and Kuklin, 1996). EPA estimates that in 1997, mobile sources
were responsible for about 50% of nationwide NO, emissions, with diesel engines being
responsible for approximately one-half of the mobile source total (U.S. EPA, 1998Db).

2.3.1.3. Atmospheric Transport of Gas-Phase Diesel Exhaust

Gas-phase diesal exhaust can be dry deposited, depending on the deposition surface,
atmospheric stability, and the solubility and other chemical properties of the compound. Dry
deposition of organic speciesistypicaly on the order of weeks to months, with dry deposition
velocities of approximately 10* cm/sec (Winer and Busby, 1995). In contrast, inorganic species
such as SO, and nitric acid have relatively fast deposition rates (0.1-2.5 cm/sec) and will remain
in the atmosphere for shorter time periods compared with the organic exhaust components. Some
gas-phase species will also be scavenged by aqueous aerosols and potentially deposited via
precipitation. These processes can greatly reduce the atmospheric concentration of some vapor-
phase species. Atmospheric lifetimes for severa gas-phase components of diesel exhaust are on
the order of hours or days, during which time atmospheric turbulence and advection can disperse
these pollutants widely.

2.3.2. Particle-Phase Diesel Exhaust

Particle-associated diesel exhaust is composed of primarily carbonaceous material (organic
and elemental carbon) with avery small fraction composed of inorganic compounds and metals.
The organic carbon fraction adsorbed on DPM is composed of high-molecular-weight
compounds, such as PAHSs, which are generally more resistant to atmospheric reactions than
PAHSs in the gas phase. The elemental carbon component of diesel exhaust is inert to atmospheric
degradation, while the PAH compounds are degraded by reaction with the following species:

. Sunlight, during daylight hours

. O,, during daytime and nighttime

. NO, and N,O; during nighttime hours

. OH and HO,

. NO,, during nighttime and daytime hours

. H,O,

. HNO,; and other species such as HONO and H,SO,.

Since many of the PAH derivatives formed by reaction with some of the reactants listed
above have been found to be highly mutagenic, a brief discussion of PAH photolysis, nitration,
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and oxidation follows. Some of the major degradation products from particul ate diesel exhaust
and their biological impact are listed in Table 2-22.

2.3.2.1. Particle-Associated PAH Photooxidation

Laboratory studies of photolysis of PAHs adsorbed on 18 different fly ashes, carbon black,
silicagel, and alumina (Behymer and Hites, 1985, 1988) and severa coa stack ashes (Y okely et
a., 1986; Dunstan et al., 1989) have shown that the extent of photodegradation of PAHSs depends
very much on the nature of the substrate to which they are adsorbed. The dominant factor in the
stabilization of PAHs adsorbed on fly ash was the color of the fly ash, which isrelated to the
amount of black carbon present. It appears that PAHs were stabilized if the carbon black content
of the fly ash was greater than approximately 5%. On black substrates, half-lives of PAHs studied
were on the order of severa days (Behymer and Hites, 1988). The environmental chamber
studies of Kamens et al. (1988) on the daytime decay of PAHSs present on residential wood smoke
particles and on gasoline internal combustion emission
particles showed PAH half-lives of approximately 1 hour at moderate humidities and
temperatures. At very low angle sunlight, very low water vapor concentration, or very low
temperatures, PAH daytime half-lives increased to a period of days. The presence and
composition of an organic layer on the aerosol seems to influence the rate of PAH photolysis
(Jang and McDow, 1995; McDow et a., 1994; Odum et a., 1994).

Because of limited understanding of the mechanisms of these complex heterogeneous
reactions, it is currently impossible to draw any firm conclusion concerning the photostability of
particle-bound PAHs in the atmosphere. Because DPM contains a relatively high quantity of
elemental carbon, it is reasonable to speculate that PAHs adsorbed onto these particles might be
relatively stable under standard atmospheric conditions, leading to an anticipated half-life of 1 or
more days.

2.3.2.2. Particle-Associated PAH Nitration

Since 1978, when Pitts et a. (1978) first demonstrated that B[a] P deposited on glass-fiber
filters exposed to air containing 0.25 ppm NO, with traces of HNO, formed nitro-B[a]P,
numerous studies of the heterogeneous nitration reactions of PAHs adsorbed on a variety of
substrates in different simulated atmospheres have been carried out (Finlayson-Pitts and Pitts,
1986). PAHSs deposited on glass-fiber and Teflon-impregnated glass-fiber filters react with
gaseous N,O;, yielding their nitro derivatives (Pitts et a., 1985b,c). The most abundant isomers
formed were 1-NP from pyrene, 6-nitro-B[a]P from B[a]P, and 3-nitroperylene from perylene.

The formation of nitro-PAHs during sampling may be an important consideration for DPM
collection because of the presence of NO, and HNO, (Feilberg et al., 1999). However, Schuetzle
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(1983) concluded that the artifact formation of 1-NP was less than 10% to 20% of the 1-NP
present in the diesel particlesif the sampling time was less than 23 min (one FTP cycle) and if the
sampling temperature was not higher than 43 °C. The formation of nitroarenes during ambient
high-volume sampling conditions has been reported to be minimal, at least for the most abundant
nitropyrene and nitrofluoranthene isomers (Arey et a., 1988).

DPM contains a variety of nitroarenes, with 1-NP being the most abundant among
identified nitro-PAHs. The concentration of 1-NP was measured in the extract of particulate
samples collected at the Allegheny Mountain Tunnel on the Pennsylvania Turnpike as 2.1 ppm
and ~5 ppm by mass of the extractable material from diesel and Sl vehicle PM, respectively.
These values are much lower than would be predicted on the basis of laboratory measurements for
either diesel or Sl engines (Gorse et al., 1983). Severa nitroarene measurements have been
conducted in airsheds heavily affected by motor vehicle emissions (Arey et a., 1987; Atkinson et
al., 1988; Zielinska et a., 1989a,b; Ciccioli et a., 1989, 1993). Ambient PM samples were
collected at three sites in the Los Angeles Basin during two summertime periods and one
wintertime period. Concentrations of 1-NP ranged from 3 pg/m? to 60 pg/m? and 3-

nitrofluoranthene was also present in DPM at concentrations ranging from not detectable to 70
3

pg/n”.

2.3.2.3. Particle-Associated PAH Ozonolysis

Numerous laboratory studies have shown that PAHs deposited on combustion-generated
fine particles and on model substrates undergo reaction with O, (Katz et al., 1979; Pittset al.,
1980, 1986; Van Vaeck and Van Cauwenberghe, 1984; Finlayson-Pitts and Pitts, 1986). The
dark reaction toward O, of several PAHs deposited on model substrates has been shown to be
relatively fast under simulated atmospheric conditions (Katz et al., 1979; Pitts et al., 1980, 1986).
Half-lives on the order of 1 to several hours were reported for the more reactive PAHS, such as
B[a]P, anthracene, and benz[a]anthracene (Katz et a., 1979).

The reaction of PAHs deposited on diesel particles with 1.5 ppm O, under high-volume
sampling conditions has been shown to be relatively fast, and half-lives on the order of 0.5to0 1
hour have been reported for most PAHs studied (Van Vaeck and Van Cauwenberghe, 1984).
The most reactive PAHs include B[a] P, perylene, benz| a]anthracene, cyclopenta]cd]pyrene, and
benzo[ghi]perylene. The benzofluoranthene isomers are the least reactive of the PAHSs studied,
and benzo[e]peryleneis less reactive than its isomer B[a]P. The implications of this study for the
high-volume sampling ambient POM are important: reaction of PAHs with O, could possibly
occur under high-volume sampling conditions during severe photochemical smog episodes, when
the ambient level of O, ishigh. However, the magnitude of this artifact is difficult to assess from
available data
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2.3.2.4. Atmospheric Transport of Diesel Exhaust Particulate Matter

Ultrafine particles emitted by diesel engines undergo nucleation, coagulation, and
condensation to form fine particles. DPM can be removed from the atmosphere by dry and wet
deposition. Particles of small diameter (<1 pm), such as DPM, are removed less efficiently than
larger particles by wet and dry deposition and thus have longer atmospheric residence times. Dry
deposition rates vary depending on the particle size. Because of their small size, diesel exhaust
particles have residence times of several days (dry deposition velocities of approximately 0.01
cm/sec) (Winer and Busby, 1995). Diesel particulates may be removed by wet deposition if they
serve as condensation nucle for water vapor deposition or are scavenged by precipitation in- or
below-cloud.

In astudy designed to assess the atmospheric concentrations and transport of diesel
exhaust particles, Horvath et a. (1988) doped the sole source of diesel fuel in Viennawith an
organometallic compound of the heavy earth element dysprosium. The authors found that in
some of the more remote sampling areas, DPM composed more than 30% of the particul ate mass,
indicating that DPM can be dispersed widely.

2.3.3. Diesdl Exhaust Aging

After emission from the tailpipe, diesel exhaust undergoes dilution, reaction, and transport
in the atmosphere. The primary emission is considered “fresh,” while “aged” diesel exhaust is
considered to have undergone chemical and physical transformation and dispersion over a period
of aday or two. Laboratory dilution tunnel measurements represent a homogeneous environment
compared to the complex and dynamic system into which real-world diesel exhaust is emitted.
The physical and chemical transformation of diesel exhaust will vary depending on the
environment into which it isemitted. In an urban or industrial environment, diesel exhaust may
enter an atmosphere with high concentrations of oxidizing and nitrating radicals as well as
nondiesel organic and inorganic compounds that may influence the toxicity, chemical stability, and
atmospheric residence time.

In general, secondary pollutants formed in an aged aerosol mass are more oxidized, and
therefore have increased polarity and water solubility (Finlayson-Pitts and Pitts, 1986). Kamens
et al. (1988) reported that photooxidation of particle-bound PAH is enhanced as relative humidity
isincreased. Weingartner et al. (1997a) evauated the hygroscopic growth of diesel particles and
found that freshly emitted diesel particles demonstrated minimal hygroscopic growth (2.5%) while
aged particles subjected to UV radiation and ozonolysis exhibited greater hygroscopic growth. In
addition, increasing sulfur content in the fuel has been observed to result in greater water
condensation onto diesel particles. Duaet al. (1999) reported that unlike many other types of
particles, diesel particles do not appear to undergo hygroscopic growth once emitted to the
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atmosphere. To the extent that diesel exhaust components are oxidized or nitrated in the
atmosphere, they may be removed at rates different from their precursor compounds and may
exhibit different biological reactivities.

In arecent experiment, the biological activity of DPM exposed to 0.1 ppm ozone for 48
hours was compared with that of DPM not exposed to ozone (Ghio et a., 2000). Instillations of
the ozonated DPM in rat lung resulted in an increase in biological activity (neutrophil influx,
increased protein, and lactate dehydrogenase activity) compared with DPM that had not been
treated with ozone. These data suggest that ambient levels of ozone can alter DPM constituents
causing an increase in toxicity compared with nonozonated DPM.

In addition to changes in particle composition with aging, particle size distributions may
vary depending on aggregation and coagulation phenomena in the aging process. Peoplein
vehicles, near roadways (e.g., cyclists, pedestrians, people in nearby buildings), and on
motorcycles will be exposed to more fresh exhaust than the general population. In some settings
where emissions are entrained for long periods through meteorological or other factors, exposures
would be expected to include both fresh and aged diesel exhaust. The complexities of transport
and dispersion of emission arising from motor vehicles have been the subject of extensive
modeling and experimenta studies over the past decades and have been summarized by Sampson
(1988); exposures to DPM are discussed in the next section of this chapter.

The major organic constituents of diesel exhaust and their potential degradation pathways
described above provide evidence for (1) direct emission of PAHS, (2) secondary formation of
nitroarenes, and (3) secondary sulfate and nitrate formation. Since nitro-PAH products are often
more mutagenic than their precursors, the formation, transport, and concentrations of these
compounds in an aged aerosol mass are of significant interest.

2.4. AMBIENT DIESEL EXHAUST CONCENTRATIONS AND EXPOSURES
2.4.1. Diesdl Exhaust Gasesin the Ambient Atmosphere

Although emissions of several diesel exhaust components have been measured, few studies
have attempted to elucidate the contribution of diesel-powered engines to atmospheric
concentrations of these components. The emission profile of gaseous organic compoundsis
different for diesel and Sl vehicles; the low-molecular-weight aromatic HCs and akanes (<C,) are
more characteristic of SI engine emissions, whereas the heavier alkanes (>C,;) and aromatic HCs
(such as naphthalene, methyl- and dimethyl- naphthalenes, methyl- and dimethyl-indans) are more
characteristic of diesel engine emissions. These differences were the basis for apportionment of
gasoline- and diesel-powered vehicle emissions to ambient nonmethane hydrocarbon (NMHC)
concentrations in the Boston and Los Angeles (South Coast Air Basin) urban areas.
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The chemica mass balance receptor model (described below) was applied to ambient
samples collected in these areas, aong with appropriate fuel, stationary, and area source profiles
(Fujitaet a., 1997). The average of the sum of NMHC attributed to diesal exhaust, gasoline-
vehicle exhaust, liquid gasoline, and gasoline vapor was 73% and 76% for Boston and the South
Coast Air Basin (SOoCAB), respectively. The average source contributions of diesel exhaust to
NMHC concentrations were 22% and 13% for Boston and the SOCAB, respectively. Diesel
vehicles emit lower levels of NMHC in the exhaust compared to gasoline vehicles. The relative
contribution of diesel exhaust clearly depends on severa factors, including fleet composition,
sampling location (e.g., near a bus station vs. near a highway or other sources), and the
contribution from point and area sources. The contribution of diesel exhaust to ambient NMHC
showed large variations among sampling sites in the Boston area. The source apportionment in
the Fujita et a. (1997) study indicates that mobile vehicle-related emissions account for the
majority of ambient NMHC in the two urban areas studied and the results can likely be
extrapolated to other urban areas with similar source compositions. Other source apportionment
methods such as those used by Henry et al. (1994) have been applied to speciated HC datato
separate the mobile source direct emission from gasoline evaporative emissions. This method
uses a combination of graphical analysis (Graphical Ratio Analysis for Composition Estimates,
GRACE) and multivariate receptor modeling methods (Source Apportionment by Factors with
Explicit Restrictions, SAFER) and was not used to identify the diesel engine contribution to the
HCs measured.

2.4.2. Ambient Concentrations of Diesel Particulate Matter

Since DPM is chemically complex, an assessment of ambient DPM concentrations relies
primarily on (1) studies that collect ambient samples and adequately characterize their chemical
composition or (2) modeling studies that attempt to recreate emissions and atmospheric
conditions. Ambient concentrations of DPM also have been reported from studies using
surrogate species. The results of these studies are summarized below. Studies conducted in
Europe and Japan were reviewed but for the most part were not included because of questions
surrounding the applicability of measurements in locations that use different diesel technology and
control measures from those in the United States.

2.4.2.1. Source Apportionment Studies

Receptor models are used to infer the types and relative contributions of sourcesto
pollutant measurements made at a receptor site. Receptor models assume that the massis
conserved between the source and receptor site and that the measured mass of each pollutant is a
sum of the contributions from each source. Receptor models are referred to as “top-down” in
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contrast to “bottom-up” methods, which use emission inventory data, activity patterns, and
dispersion modeling from the source to predict concentrations at a receptor site.

The most commonly used receptor model for quantifying concentrations of DPM at a
receptor site is the chemical mass balance (CMB) model. Input to the CMB model includes
measurements of PM mass and chemistry made at the receptor site as well as measurements made
of each of the source types suspected to impact the site. Because of problems involving the
elementa smilarity between diesel and gasoline emission profiles and their co-emission in time
and space, chemical molecular species that provide markers for separation of these sources have
been identified (Lowenthal et al., 1992). Recent advances in chemical analytical techniques have
facilitated the development of sophisticated molecular source profiles, including detailed
Speciation of PM-associated organic compounds that allow the apportionment of PM to gasoline
and diesal sources with increased confidence. CMB anaysis that uses speciation of organic
compounds in the source profilesistypically referred to as extended species CMB. Older studies
that made use of only elementa carbon, total organic carbon, trace elements, and major ionsin
the source profiles (conventional CMB) have been published and are summarized here, but they
are subject to more uncertainty. It should be noted that since receptor modeling is based on the
application of source profiles to ambient measurements, estimates of DPM concentration
generated by this method include the contribution from on-road and nonroad sources to the extent
the source profiles are smilar (which would include military sources depending on the sampling
locations and fleet composition). 1n addition, this method identifies sources of primary emissions
of DPM only, and the contribution of secondary aerosolsis not attributed to sources.

The CMB model has been used to assess concentrations of DPM in areas of California,
Phoenix, Denver, and Manhattan (Table 2-23). DPM concentrations reported by Schauer et al.
(1996) for samples collected in Californiain 1982 ranged from 4.4 pg/m? in west Los Angelesto
11.6 pg/m? in downtown Los Angeles. The average contribution of PM to total PM mass ranged
from 13% in Rubidoux to 36% in downtown Los Angeles. As mentioned above, this model
accounts for primary emissions of DPM only; the contribution of secondary aerosol formation
(both acid and organic aerosols) is not included. In sites downwind from urban areas, such as
Rubidoux in this study, secondary nitrate formation can account for a substantial fraction of the
mass (25% of the fine mass measured in Rubidoux was attributed to secondary nitrate), a portion
of which comes from diesel exhaust (Gray and Kuklin, 1996).

The California Environmental Protection Agency (Cal EPA) reported ambient DPM
concentrations for 15 air basins in California based on ambient measurements taken statewide
from 1988 to 1992 across California (Cal EPA, 19984). Cal EPA used CMB analysis of ambient
measurements from the San Joaquin Valley (1988-89), South Coast (1986), and San Jose (winters
for 1991-92 and 1992-93) to determine mobile source contributions and then applied the
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California 1990 PM 10 emissions inventory to determine the fraction of mobile source PM 10
attributable to diesel emissions. The results of this analysis indicate that annual average basin-
wide levels of direct DPM may be aslow as 0.2 pg/m?® and may range up to 2.6 ug/m? for basins
that are largely nonurban but may have one or more densely populated areas (such as Pam
Springs in the Salton Sea basin). DPM concentrations for air basins that are moderately or largely
urbanized ranged from 1.8 pg/m® to 3.6 pg/m?.

Two studies using CMB analysis have been conducted in the Phoenix area that report
DPM concentrations. A wintertime study conducted in the Phoenix areain 1989-90 reported
DPM concentrations for nonurban areas ranging from 2 ug/m?® to 5 pg/m?® and DPM
concentrations for central and south Phoenix urban areas ranging from 10 pg/m? to 13 pug/m?
(Chow et a., 1991). Chow et a. (1991) reported that DPM levels on single days can range up to
22 ug/m? at the central Phoenix site. A more recent study conducted from November 1994
through March 1995 reported DPM concentrations for Phoenix averaging 2.4 pg/m?and reaching
5.3 ug/m? (Maricopa Association of Governments, 1999). The extended species CMB was used
for this study, providing a more confident identification of DPM separate from gasoline PM
emissions than the earlier Phoenix study. DPM accounted for an average 15% of ambient PM 2.5,
and gasoline PM accounted for an average of 52% of ambient PM2.5 in the 1994-95 Phoenix
study.

During the winter of 1997, a study was conducted that assessed DPM concentrations at
two urban sitesin the Denver area (Fujita et a., 1998). The Northern Front Range Air Quality
Study (NFRAQS), initiated to assess the sources of the “brown cloud” observed along Colorado’s
Front Range, conducted air quality sampling during the winter of 1996, summer of 1996, and
winter of 1997. For a 60-day period from December 1996 through January 1997, ambient
samples collected at two urban Denver sites were analyzed for organic carbon speciesfor use in
the extended species CMB. The average DPM concentrations reported for the urban site at
Welby, CO, and the suburban site at Brighton, CO, were 1.7 ug/m?® and 1.2 pg/m?, respectively.
During the study period, DPM concentrations exceeded 5 pug/m? on two occasions in Welby, with
reported DPM concentrations of 5.7 ug/m?® and 7.3 pg/m*. DPM accounted for an average of
10% of ambient PM2.5, and gasoline PM accounted for an average of 27% of ambient PM2.5.

One of the mgjor claims from the NFRAQS was a substantial contribution of EC from
gasoline-powered vehicles, mainly from cold-start and high-emitting gasoline vehicles. At the
Welby site, the contribution of diesel and gasoline emissions to EC measurements was 52% and
42%, respectively. At the Brighton site, the contribution of diesel and gasoline emissionsto EC
measurements was 71% and 26%, respectively. The findings from the NFRAQS are compelling
and suggest the need for further investigations to quantify the contribution from cold-start and
high-emitting vehicle emissions for both gasoline and diesel vehicles. Geographical, temporal, and
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other site-specific parameters that influence PM concentrations, such as atitude, must be
considered when extrapolating the NFRAQS findings to other locations.

In addition to the need for urban and rural average DPM concentrations, an assessment of
potential health effects resulting from DPM exposure includes an assessment of peoplein
environments with potentially elevated levels of DPM. Limited data are available to allow a
characterization of DPM concentrationsin “hotspots’ such as near heavily traveled roadways, bus
stations, train stations, and marinas. Only one CMB study has attempted to apportion PM
measured in an urban hotspot. Wittorff et al. (1994) reported results of conventional CMB
performed on PM samples collected in the spring of 1993 over a 3-day period at a Site adjacent to
amajor bus stop on Madison Avenue in midtown Manhattan. Busesin thisareaidle for aslong
as 10 minutes, and PM emissions are augmented by the elevated levels of DPM emitted during
acceleration away from the bus stop (discussed in Section 2.2.5). DPM concentrations reported
from this study ranged from 13.0 pg/m? to 46.7 ug/m?®. This study attributed, on average, 53% of
the PM 10 to diesel exhaust. The DPM concentrations resulting from the source apportionment
method used in this study require some caution since the CMB model overpredicted PM 10
concentrations by an average 30%, which suggests that additional sources of the mass were not
accounted for in the model. The relevance of the Manhattan bus stop concentrations and
potential exposure for large urban populations provides strong motivation for further studiesin
the vicinity of such hotspots.

In summary, source apportionment studies of ambient samples collected before 1990
suggest that seasonal and annual average diesel PM concentrations for nonurban areas ranged
from 2 pg/m?to 5 ug/m*. DPM concentrations reported from CMB studies for urban areasin the
pre-1990 timeframe ranged from 4.4 ug/m?® to 13 pg/m?® with concentrations on individual days
ranging up to 22 ug/m*.  Source apportionment applied to ambient measurements taken in 1990
or later suggest that seasonal or annua average DPM levels in suburban/nonurban locations can
range from 0.2 ug/m?® to 2.6 pg/m? with maximum reported values ranging up to 3.4 ug/m®. DPM
concentrations reported from CMB studies in urban areas during 1990 or later range from 1.7
ug/m? to 3.6 pg/m?* with maximum concentrations up to 7.3 pg/m3. The highest DPM
concentrations reported from CMB analysis of ambient measurements were those in the vicinity of
abus stop in midtown Manhattan, which ranged from 13.2 pg/m?® to 46.7 pg/m?>.

2.4.2.2. EC Surrogate for Diesel Particulate Matter

EC isamajor component of diesel exhaust, contributing approximately 50% to 85% of
diesdl particulate mass, depending on engine technology, fuel type, duty cycle, engine lubrication
oil consumption, and state of engine maintenance (Graboski et al., 1998b; Zaebst et al., 1991,
Pierson and Brachaczek, 1983; Warner-Selph et a., 1984). In urban ambient environments, diesel
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exhaust is one of the major contributors to EC, with other potential sources including spark-
engine exhaust; combustion of coal, oil, or wood; charbroiling; cigarette smoke; and road dust.
While coldstart emissions from gasoline combustion vehicles were reported to be an important
source of EC in wintertime samples collected in two cities in the Denver area (Fujita et al., 1998),
it is currently unclear to what extent these results are transferable to other locations. Itis
noteworthy that the EC content of the cold-start emissions from gasoline combustion vehicles was
lower than that from diesel combustion engines in the same study by almost a factor of 2.

Fowler (1985) evaluated severa components of diesel exhaust and concluded that EC is
the most reliable overall measure of ambient diesel exhaust exposure. Because of the large
portion of EC in DPM, and the fact that diesel exhaust is one of the major contributors to EC in
many ambient environments, DPM concentrations can be bounded using EC measurements.
Surrogate calculations of DPM have been based on the fraction of ambient EC measured in a
sample that is attributable to diesel engine exhaust and the fraction of the diesel particle mass
accounted for by EC. In the recent Multiple Air Toxics Exposure Study in the South Coast Air
Basin (MATES-II, SCAQMD, 2000), EC measurements were used to estimate DPM
concentrations by the following relationship: approximately 67% of fine EC in the ambient air in
the Los Angeles area originates from diesel engine exhaust (Gray, 1986), and the average EC
fraction of diesel particles measured was 64%. Therefore, in the MATES-II study, the South
Coast Air Quality Management District calculated DPM concentrations from EC measurements
by multiplying a measured EC concentration by 67% and dividing by the fraction of DPM mass
accounted for by EC of 64%, for example, DPM concentration = (EC * 0.67)/0.64, or DPM =
HC* 1.04. Thiscalculation relies on data collected in the 1982 timeframe and may not accurately
represent the current day contributions of diesel engines to the ambient EC inventory.

An dternative calculation can be derived using more recent studies. The fraction of EC
attributable to diesal exhaust can be estimated from detailed source profiles applied to aCMB
model as discussed above. The contribution of diesel engines to EC averaged 68% + 20% for
Brighton, CO, and 49% + 26% at Welby, CO, as part of the winter 1996-1997 NFRAQS. In
Phoenix, diesel engine exhaust was estimated to account for approximately 46% + 22% of the
ambient EC. For some environments, such as certain occupational settingsin which diesel
engines are in proximity to workers, al the EC may redlistically be attributed to diesel exhaust as
areasonable upper bound estimate of DPM concentrations.

Asdiscussed in Section 2.2, the EC content of DPM can vary widely depending on engine
type, load conditions, and the test cycle. However, typica profilesfor HD and LD diesel engines
have been determined and the typical EC fraction of DPM ranges from approximately 52% to
75%.
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Ambient EC attributed to diesel exhaust in the studies described above ranges from 46%
to 68%. A lower bound estimate of DPM from ambient EC measurements in areas with similar
source contributions to those in the Phoenix and Denver areas can be estimated using the
eguation:

DPM = (EC * 0.46)/0.75 or DPM = HC * 0.62

An upper bound estimate uses the equation:

DPM = (EC * 0.68)/0.52 or DPM = HC * 1.31

Using the average of the ranges provides the equation:

DPM =HC * 0.89.

Clearly the choice of a point estimate can provide a surrogate calculation of DPM that can
vary by at least afactor of 2. To assess the usefulness and applicability of the surrogate
calculation, the average DPM concentration predicted by extended CMB analysis can be
compared with DPM concentrations predicted by the EC surrogate calculation. The average
DPM concentrations reported by CMB for the Colorado and Phoenix sites are within the range of
DPM concentrations estimated by the EC surrogate method (Table 2-24).

While arecommended surrogate DPM calculation method is not provided here, it is
evident that on an annually averaged basi's, a surrogate calculation such as the one used above
may provide a reasonable estimate of DPM that bounds the actual concentration in those ambient
environments with similar source contributions to those in the Denver and Phoenix areas. The
surrogate DPM calculation is used here to illustrate the usefulness of this approach for estimating
DPM in the absence of a more sophisticated receptor modeling analysis for locations where fine
PM EC concentrations are available.

One source of variability in EC concentrations reported for ambient studiesisthe
measurement method used to quantify EC. Asdiscussed in Section 2.2.8.1, EC and OC are
operationally defined. Ambient samples are typically analyzed for EC using thermal optical
reflectance or thermal optical transmittance. The measurement technique for the studies discussed
here is noted since TOR methods often report higher EC levels compared to TOT analyses (Birch,
1998; Norris et al., 2000).

Table 2-25 provides alower and upper bound DPM estimate from annual average EC
concentrations for three urban areas in addition to DPM concentrations reported from EC
measurements for the MATES- |l (SCAQMD, 2000). Under an EPA research grant with the
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Northeastern States for Coordinated Air Use Management (NESCAUM), PM 2.5 samples were
collected every 6 days for 1 year (1995) in Boston (Kenmore Square), MA, and Rochester, NY,
and were analyzed for EC using TOT (Samon et al., 1997). DPM concentrations are estimated
to be in the range from 0.8 pg/m? to 1.7 ug/m* in Boston, and from 0.4 pg/m® to 0.8 pg/m3in
Rochester (Table 2-25).

The Interagency Monitoring of Protected Visual Environments (IMPROVE) project being
conducted by the Nationa Park Service includes an extensive aerosol monitoring network mainly
in rural or remote areas of the country (national parks, national monuments, wilderness areas,
national wildlife refuges, and national seashores), and also in Washington, DC (Sider, 1996).
PM2.5 samples, collected from March 1992 through February 1995 twice weekly for 24-hour
duration at 43 sites (some co-located in the same rural park area), were analyzed for a suite of
chemical constituents, including EC (using TOR). EC concentrations in these rura locations may
have EC source contributions quite different from those in the urban areas in which the fraction of
EC attributable to diesel exhaust has been reported. The lack of information regarding EC
sources in these rural locations makes the application of the EC surrogate highly uncertain. Itis
noteworthy that annual average EC concentrations in the rural and remote regions reported as
part of the IMPROVE network range from 0.1 pg/m3 for Denali National Park, AK, to 0.9 ug/m?d
for the Lake Tahoe, CA, area. In Washington, DC, the annual average EC concentration of 1.7
pg/mB is estimated as an annual average DPM concentration of 1.4 pg/m2.

The annual average EC measurements in Washington, DC, suggest that the DPM
concentrations are in the range from 1.0 ug/m?® to 2.2 pg/m3, accounting for 5% to 12% of
ambient PM2.5. Seasonally averaged datafor the Washington, DC, site indicates that EC
concentrations and, by extension, DPM concentrations at this site peak in the autumn and winter
(2.0 pg/m? and 0.9 pg/m2 EC, respectively).

DPM concentrations reported recently as part of the MATESII study at eight locations
ranged from 2.4 ug/m?® to 4.5 pg/m3. DPM concentrations at Huntington Park and Pico Rivera,
CA, were higher than other DPM concentrations in the South Coast Air Basin, potentially due to
higher diesal truck traffic, proximity to nonroad diesel sources, or nondiesel sources of EC,
including gasoline vehicle traffic.

2.4.2.3. Dispersion Modeling Results

Dispersion models estimate ambient levels of PM at a receptor site on the basis of
emission factors for the relevant sources and parameters that simulate atmospheric processes such
as the advection, mixing, deposition, and chemical transformation of compounds as they are
transported from the source to the receptor site(s). Cass and Gray (1995), Gray and Cass (1998),
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and Kleeman and Cass (1998) have applied dispersion models to the South Coast Air Basin to
estimate DPM concentrations. The models used by these investigators applied emission factors
from 1982 and consequently are representative of concentrations prior to the implementation of
DPM emission controls. Dispersion modeling has aso been performed as part of the EPA
National Air Toxics Assessment (NATA) using the Assessment System for Population Exposure
Nationwide (ASPEN) to estimate ambient concentrations of DPM from on-road and nonroad
sources. The results from this analysis will be available in 2000. In addition to offering another
approach for estimating ambient DPM concentrations, dispersion models can provide the ability to
distinguish on-highway from nonroad diesel source contributions and have presented an approach
for quantifying the concentrations of secondary aerosols from diesel exhaust.

Cass and Gray (1995) used a Lagrangian particle-in-cell model to estimate the source
contributions to atmospheric fine carbon particle concentrations in the Los Angeles area,
including diesel emission factors from on-highway and off-highway sources. Their dispersion
model indicates that for 1982, the annual average ambient concentrations of DPM ranged from
1.9 pg/m?in Azusa, CA, to 5.6 pg/m? in downtown Los Angeles (Table 2-26). The contribution
of on-highway sources to DPM ranged from 63.3% in downtown Los Angeles to 89% in west
Los Angeles. Of the on-highway diesel contribution, the model predicted that for southern
California, HD trucks made up the majority (85%) of the DPM inventory, and overall they
contributed 66% of the DPM in the ambient air. Nonroad sources of diesel exhaust include
pumping stations, construction sites, shipping docks, railroad yards, and heavy equipment repair
facilities. Cassand Gray (1995) also report that wintertime peaksin DPM concentrations can
reach 10 pg/m?.

Kleeman and Cass (1998) developed a Lagrangian model that examines the size and
chemical evolution of aerosols including gas-to-particle conversion processes during transport.
This model was applied to one well-characterized episode in Claremont, CA, on August
27-28, 1987. The model provided reasonable predictions of PM 10 (overpredicting PM 10 13%),
EC, and OC, and it adequately reconstructed the size distribution of the aerosols. The model
indicated that on August 27-28, 1987, the PM 2.5 concentration was 76.7 pug/m?, 13.2% of which
(10.1 pg/m?) was attributable to diesel engine emissions. This estimate includes secondary
aerosol formation for sulfate, ammonium, nitrate, and organic compounds, which accounted for
4.9 pg/m?® of the total estimated DPM mass. The secondary organic aerosol was estimated to be
1.1 pg/m3, or 31% of the total secondary aerosol mass, with the remainder composed of nitrate,
ammonium, and sulfate aerosols.

2.4.3. Exposuresto Diesel Exhaust
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Ultimately, persona exposure determines health impacts. To understand the distribution
of risk in the population, the distribution of exposures among the general population and more
highly exposed groups needs to be assessed. An exposure assessment addresses the exposure
profile for the general public, including the distribution of ambient diesel exhaust exposuresin
different geographic and demographic regions; the most highly exposed (90" percentile),
exposures in microenvironments for short and long durations, and the maximum exposure range
(98" percentile) and number of maximum exposed individuals. Because diesdl exhaust is a
mixture of particles and gases, one must choose a measure of exposure (i.e., dosimeter); ug/m® of
DPM has historically been used in many studies as the dosimeter for the entire diesel exhaust
mixture. Because of the lack of data, a comprehensive exposure assessment cannot be compl eted
at thispoint. Exposure models are under development at EPA and el sewhere and personal
exposure monitoring is being conducted that will improve this assessment of the distribution of
exposures to DPM.

In the following sections, modeled average exposures and some information reflecting
potential exposures for those who spend a large portion of their time outdoors are presented.
Occupational exposuresto DPM are summarized for the variety of workplaces in which diesel
engines are used. These occupational exposures are placed into context with equivalent
environmental exposures to understand the potential for overlap in average occupational and
average ambient exposures.

2.4.3.1. Occupational Exposureto Diesel Exhaust

The National Ingtitute for Occupational Safety and Health (NIOSH, 1988) estimates that
approximately 1.35 million workers are occupationally exposed to diesel exhaust emissions.
Workers exposed to diesel exhaust emissions include mine workers, railroad workers, bus and
truck drivers, truck and bus maintenance garage workers, loading dock workers, fire fighters,
heavy equipment operators, and farm workers.

M easurements of DPM exposure in occupational environments have included respirable
particulate (<3.5 w«m), smoking-corrected respirable particulate, combustible particulate, and EC
among other methods. Occupational exposuresto DPM as well as breathing zone concentrations
of DPM have been described in some detail by Watts (1995), Hammond (1998), the World Health
Organization (1996), and Birch and Cary (1996) and are briefly, but not comprehensively,
summarized here.

The highest occupational exposuresto DPM are for workers in coa mines and noncoal
mines using diesel-powered equipment. These exposures, reported by several investigators, range
from approximately 10 ng/m?to 1,280 n.g/m* (Table 2-27). Rogers and Whelan (1999) report
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exposures to specific DPM-associated PAHSs (including naphthalene, fluorene, phenanthrene,
pyrene, and benz[a]anthracene) for mine workers using diesel fuels containing low and high levels
of sulfur, aiphatic, and aromatic compounds. Results of this study indicate that the composition
of DPM to which workers were exposed varies considerably based on engine condition, fuel, and
other operating parameters. Mine worker exposures to PAH compounds were highest for
naphthalene, ranging from 1,312 ..g/g to 3,228 1.g/g of organics and exposures were lowest for
benz[a]anthracene, ranging from less than 3 ».g/g up to 18 n.g/g of organics.

Other investigators have reported DPM-associated PAH concentrations that do not
necessarily represent personal exposures but are a snapshot of short periods of elevated
concentration that make up a portion of aworker’s daily exposure. Bagley et a. (1991, 1992)
reported levels of B[a]P ranging from below the detection limit of 0.05 ng/m? to 61 ng/m?
collected only during periods of mining activity. Watts (1995) reported DPM concentrationsin
four mines collected during significant diesel activity, which range from 850 pg/m?® to 3,260

ug/m?3. Heino (1978) reports DPM concentrations for locomotive engineers reaching 2,000
3

Hg/m”.
In astudy of four railroads, Woskie et al. (1988) reported concentrations of respirable

dust (corrected for cigarette smoke particulate) that ranged from 39 n.g/m? for engineers/firersto
134 ng/m? for locomotive shop workers and 191 n.g/m? for hostlers. Woskie et al. (1988) also
reported smoking-corrected respirable dust for railroad clerks (17 .g/m® who are considered to
be not exposed to diesel exhaust. Although these exposures may have included nondiesel PM
(background respirable dust levels have been estimated to have contributed approximately 10
ug/m? to 33 ng/m? for this study), the mgjority of the respirable PM is believed to have originated
from the diesel locomotive emissions. DPM exposures reported for firefighters operating diesel
engine vehicles range from 4 ,.g/m® to 748 ..g/m?, which also encompasses the range of DPM
exposures reported for airport ground crew and public transportation system personnel (7 n.g/m?
to 98 ug/m?).

Studies reporting diesel exhaust exposure among fire station employees typically report
particulate levels below 100 n.g/m? (ranging from 4 n.g/m?® to 79 n.g/m®) (NIOSH, 1992; Birch and
Cary 1996). In astudy by Froines et al. (1987), DPM exposures for firefightersin two stations
ranged from 39 n.g/m?to 73 ng/m*. DPM were also reported for airport ground crew and public
transit workers by Birch and Cary (1986), ranging from 7 pg/m? to 15 n.g/m? for airport ground
crews and 15 n.g/m? to 98 ..g/m?® for public transit workers. Dock workers using diesel-powered
forklifts have been reported to have DPM exposures ranging from 6 ..g/m? to 61 n.g/m® (NIOSH
1990; Zaebst et a., 1991). In studies by NIOSH (1990), and Fowler (1985), the organic material
measured accounted for about one-half to amost all of the carbonaceous DPM exposures,
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providing evidence that some pieces of nhonroad equipment (forklifts and construction equipment)
emitted DPM with a significant OC fraction in the 1980s and early 1990 timeframe.

Zaebst et al. (1991) also reported DPM exposures for mechanics, road drivers, and local
driversfor 8-hour shifts at each of six large hub truck terminals. Residential background and
highway background samples at fixed sites were a so collected during warm-weather and cold-
weather periods, and the geometric mean for DPM concentrations ranged from 1 pg/m®to 5
ug/m3. DPM exposures for road and local truckersin warm- and cold-weather periods ranged
from 2 pg/m® to 7 ug/m?3, while exposure levels for mechanics were reported between 5 pg/m?
and 28 pg/m? (geometric means).

Kittelson et a. (2000) are measuring DPM exposures for bus drivers, parking garage
attendants, and mechanics. Personal exposures for bus drivers on four different routes range from
1 ug/m?® to 3 pg/m?3, and exposure among parking ramp attendants averaged 2 pg/m?®. These
results are preliminary, and data for the mechanics have not yet been analyzed. This study will
also characterize PAH compounds to which these workers are exposed.

Bus garage workers have aso been assessed for exposure to diesel exhaust using
biomarkers for particle-associated benzene exposure (Muzyka et al., 1998) and urinary excretion
of 8-ox0-2'-deoxyguanosine (Loft et a., 1999). Other biomarkers of diesel exhaust exposurein
occupational workers have included measurements of urinary 1-hydroxypyrene, adducts of DNA
and hemoglobin, and 8-hydroxyguanosine in lung tissue (Nielsen et a., 1996; Tokiwaet a., 1999;
Zwirner-Baier and Neumann, 1999; Haraet al., 1997).

To estimate an environmental exposure that is equivalent to an occupationa lifetime
exposure, the fraction of lifetime worker inhalation exposure (calculated as the amount of air
breathed on the job multiplied by the typical amount of time spent on the job) is calculated relative
to 70-year lifetime inhalation exposure: (10 m*/shift/20m®/day) * (5 days/7days) * (48 weeks/52
weeks) * (45-year career/70-year lifetime) = 0.21. Using this calculation, 21% of an annual
average occupational lifetime exposure is roughly equivalent to a 70-year annua average lifetime
environmental exposure. The equivaent environmental exposures for the occupationa exposures
presented in Table 2-28 range from 0.6 .g/m?® to14 .g/m? for truckers, dock workers, and
mechanics, and from 2 ..g/m® to 269 n.g/m? for miners. The low end of the range of
environmental equivalent exposures for several of the occupational settings overlap with average
exposures predicted from the HAPEM model for on-road sources (described below) and with
ambient concentrations from all sources reported for DPM in urban areas in the 1990-96
timeframe. The overlap between some occupational exposures and environmental exposures as
well as the small difference between occupational environmental equivalent exposures and
environmental exposures are a significant concern and suggest the potential for significant risk in
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the general population. The potential for cancer risk in the general population is discussed in
Section 8.3.

2.4.3.2. Ambient Exposure to Diesel Exhaust

Modeled estimates of population exposures to DPM integrate exposure in various indoor
and outdoor environments and a so account for the demographic distribution, time-activity
patterns, and DPM concentrations in the various environments, including job-related exposures.
Two modeling efforts have been developed to determine DPM exposuresin the genera
population: the Hazardous Air Pollutant Exposure Model-Mobile Sources, version 3 (HAPEM-
MS3), and the California Population Indoor Exposure Model (CPIEM). EPA is currently
developing version 4 of the HAPEM, which will provide State-specific average exposures for
DPM.

2.4.3.2.1. The Hazardous Air Pollutant Exposure Model — Mobile Sources, version 3. To
estimate population exposures to DPM, EPA currently uses HAPEM-MS3 (U.S. EPA, 1999¢).
This model provides national and urban-area specific exposures to DPM from on-road sources
only. HAPEM-MS3 is based on the CO probabilistic National Ambient Air Quality Standards
(NAAQS) exposure model (pPNEM/CO), which is used to estimate the frequency distribution of
population exposure to CO and the resulting carboxyhemaglobin levels (Law et al., 1997).
HAPEM simulates the CO exposure scenario of individualsin 22 demographic groups for 37
microenvironments. CO concentrations are based on ambient measurements made in 1990 and
are related to exposures of individualsin a 10 km radius around the sampling site. DPM
exposures are calculated as in Equation 2-4, using a ratiometric approach to CO.

DPM _, .=(CO, , ./COy)" DPMy,, (2-5)

g/mi

Data provided to the model includes CO monitoring data for 1990; time-activity
data collected in Denver, Washington, DC, and Cincinnati from 1982 to 1985;
microenvironmental data; and 1990 census population data. Motor vehicle DPM and CO
emission rates reported by EPA (1999c¢) are used to cal culate mobile-source DPM exposures, and
exposures in future years are projected based on the increase in vehicle milestraveled. EPA’s
PARTS5 model is used to estimate DPM emission rates (g/mi) for the fleet as awholein any given
calendar year. PART5S is currently being modified to account for deterioration, actual in-use
emissions, poor maintenance, and tampering effects, all of which increase emission factors. Asa
result, HAPEM-M S3 exposure estimates based on PART5 emission factors may underestimate
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true exposures from on-road sources. A comparison of PARTS5 HD diesel vehicle emission
factors with those presented earlier in this chapter suggest that PARTS may underestimate HD
diesdl vehicle emissions by up to 50%.

HAPEM-M S3 assumes that the highway fleet (gasoline plus diesel) emissions ratio of CO
to DPM can be used as an adjustment factor to convert estimated CO personal exposure to DPM
exposure estimates. This assumption is supported by the observation that even though gasoline
vehicles emit the large mgority of CO, gasoline and diesel highway vehicles travel on the same
roadways, abeit with somewhat different spatia and temporal patterns. DPM and CO are both
relatively long-lived atmospheric species (1-3 days) except under certain conditions; therefore the
model does not account for chemical and physical differences between the DPM and CO, and the
model assumes that for the average person in amodeled air district, CO and DPM are well mixed.
Exposure in microscale environments in which these assumptions may not be valid were not
modeled.

A validation study conducted for the pPNEM/CO model on which HAPEM-MS3 is based
indicates that CO exposures for the population in the 5th percentile were overestimated by
approximately 33%, while those with exposures in the 98th percentile were underestimated by
about 30%. Thisvalidation study is considered applicable to the HAPEM-MS3 model. To
address the underestimate of exposures for the most highly exposed, Brodowicz (1999) used CO
concentrations relevant to the most highly exposed populations to determine DPM exposures for
different demographic groups within this population; the results are discussed below.

Annual average DPM exposures from on-road vehicles nationwide for the general
population, rural and urban population, outdoor workers, and urban children are reported for
1990 and 1996 and projected for 2007 and 2020 in Table 2-29. The modeled annual average
DPM exposure nationwide (urban and rural areas) in 1996 from on-road sources only was 0.7
ug/m?3. The annual average exposure in urban areas for the same year was 0.7 ug/mé, and the
modeled exposure for rural areas was 0.3 ug/mé. Among the demographic groups model ed,
urban outdoor workers in general were found to have the highest average exposure to DPM,
averaging 0.8 pg/m? from on-road sources in 1996. DPM exposures attributable to on-road
sources are projected to decrease until approximately 2007 due to fleet turnover and the full
implementation of Federal regulations that are currently in place. After 2007, the increasein
vehicle miles traveled will offset reductionsin PM emissions, and consequently, exposure to DPM
will begin to increase. Nationally in 1996, 97% of DPM exposure from on-road vehicles was
attributable to HD diesel vehicles, and the rest was generated mainly by LD diesd trucks. If the
modeled increase in dieselsin the LD truck fleet occurs, projected DPM exposuresin 2007 are
expected to increase 38% on average over 1996 exposures.
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Since diesdl vehicle traffic, and therefore exposure to DPM, varies for different urban
areas, HAPEM-M S3 was used to estimate annual average population exposures for 10 urban
areas. Modeled 1996 DPM exposures in the cities ranged from 0.5 pg/m? in Chicago and St.
Louisto 1.2 pg/m?® in Phoenix (Table 2-30). In 1996, estimated average DPM exposure from on-
road sources was higher than the national average in five cities: Atlanta, Minnneapolis, New
Y ork, Phoenix, and Spokane.

Since HAPEM-M S3 is suspected to underestimate exposures in the highly exposed
populations, 1990 CO concentrations relevant to the most highly exposed populations were used
to determine 1990 DPM exposures for different demographic groups in this population. The
highest DPM exposures ranged from 0.8 .g/m? for outdoor workersin St. Louisto 2.0 pg/m? for
outdoor workers in Spokane and up to 4.0 ».g/m? for outdoor children in New Y ork (Table 2-30).
The highest exposed demographic groups were those who spend a large portion of their time
outdoors. It isimportant to note that these exposure estimates are lower than the total exposure
to DPM since they reflect only DPM from on-road sources and do not yet reflect exposure to
non-road DPM emissions.

Exposure estimates provided by HAPEM-MS3 for the general population in 1996 are
lower than the ambient DPM concentrations reported for urban areas in Section 2.4.2.1 that
ranged from 1.2 pg/m?3to 3.6 pg/m?* in a similar timeframe. Since most people in the general
population spend alarge portion of time indoors, average exposures to DPM are expected to be
lower than ambient concentrations.

2.4.3.2.2. Personal Exposures. Microenvironments/Hotspots Personal monitoring for DPM
exposure has focused on occupationally exposed groups, including railroad workers, mine
workers, mechanics, and truck drivers. While some studies have measured personal exposures to
ambient PM, none have conducted detailed chemica analysis to quantify the portion of PM
attributable to diesel exhaust (e.g., using extended species CMB, discussed above). Elementa
carbon concentrations have been reported for some microenvironments and are discussed in this
section. Microenvironmenta exposures of significant concern include in-vehicle exposures such
as school buses and passenger cars as well as near highways and in urban canyons. Since DPM
from mobile sources is emitted into the breathing zone of humans, this source has a greater
potential for human exposure (per kg of emissions) compared to combustion particul ates emitted
from point sources.

Recent EC measurements reported for enclosed vehicles driving on Sacramento roadways
ranged from below detection limits up to 10 pg/m?and from 3 pg/m?® to 40 pg/m?® on Los Angeles
roadways. Elevated levels of PM2.5 and EC were observed when the vehicle being followed was
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powered by a HD diesdl truck or bus (Cal EPA, 1998b). These measurements are likely to
include some EC from gasoline vehicles. The SHEDS (Stochastic Human Exposure and Dose
Simulation) model for PM predicts that although the typical person only spends approximately 5%
of hisor her timein avehicle, this microenvironment can contribute on average 20% and as much
as 40% of a person’stotal PM exposure (Burke et al., 2000).

The Cdifornia Air Resources Board aso collected EC near the Long Beach Freeway for
4 daysin May 1993 and 3 days in December 1993 (Cal EPA, 19984). Using emission estimates
from their EMFAC7G model and EC and OC composition profiles for diesel and gasoline
exhaust, tire wear, and road dust, CARB estimated the contribution of the freeway to DPM
concentrations. For the 2 days of sampling in December 1993, diesel exhaust from vehicles on the
nearby freeway were estimated to contribute from 0.7 pg/m? to 4.0 pg/m? excess DPM above
background concentrations, with a maximum of 7.5 pug/m?,

In 1986, EC concentrations were measured in Glendora, CA, during a carbonaceous
aerosol intercomparison study (Cadle and Mulawa, 1990; Hansen and Novakov, 1990). One
technigque used during the study reported EC concentrations in 1-minute intervals, reflecting the
impact from diesal vehicles 50 m from the study site. The diesel vehicles were estimated to
contribute up to 5 pg/m?* EC above the background concentration.

In a study designed to investigate relationships between diesel exhaust exposure and
respiratory health of children in the Netherlands, EC measurements were collected in 23 schools
located from 47 m to 377 m from afreeway and in 8 schools located at a distance greater than
400 m from a freeway (Brunekreef, 1999). EC concentrations in schools near freeways ranged
from 1.1 pg/m?® to 6.3 pg/m?, with a mean of 3.4 ug/m?*, and EC concentrations in schools more
than 400 m from freeways ranged from 0.8 ug/m?® to 2.1 ug/m?3, with a mean of 1.4 pg/m?.
Brunekreef et al. (2000), using a reflectance method to report “soot” or carbonaceous particul ate
concentrations as a surrogate for EC, found a statistically significant increase in carbonaceous
particle concentrations inside and outside of the schools with increasing truck traffic
(predominantly diesel), with decreasing distance between the school and the highway, and with an
increase in the percent of time the school was downwind of the highway.

While currently there is little quantitative information regarding persona exposure to
DPM, certain exposure situations are expected to result in higher than average exposures. Those
in the more highly exposed categories would generally include people living in urban areasin
which diesel delivery trucks, buses, and garbage trucks frequent the roadways, but aso included
would be people living near freeways, bus stations, construction sites, train stations, marinas
frequented by diesel-powered vessels, and distribution hubs using diesal truck transport. One
study using the 1-hydroxypyrene biomarker of diesal exhaust exposure reported diesel exhaust
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exposure among most (76%) of the 26 adolescents sampled in Harlem (Northridge et al., 1999).
In afollow-on study, Kinney et al. (1999) reported EC concentrations from personal monitors
worn by study staff on sidewalks at four Harlem intersections that ranged from 1.5 pg/m? to 6
pg/m?3. The EC concentrations were found to be associated with diesel bus and truck counts such
that spatial variations in sidewalk concentrations of EC were attributed to local diesel sourcesin
Harlem.

In any situation in which diesel engines operate and a majority of time is spent outdoors,
personal exposures to diesel exhaust are expected to exceed average exposures. Since a large but
currently undefined portion of DPM is emitted during acceleration, those living and working in
the vicinity of sources operating in this transient mode could experience highly elevated levels of
DPM. DPM enriched in soluble organic material (as opposed to EC) is emitted from LD vehicles,
some nonroad equipment, on-road diesel engines during cold-start and motoring conditions, and
poorly maintained vehicles. The potential health effects of acute exposures to elevated DPM
levels as well as health effects resulting from chronic exposures are discussed in subsequent
chaptersin this document.

2.4.3.2.3. The California Population Indoor Exposure Model. CPIEM, developed under
contract to the CARB, estimates Californians’ exposure to DPM using distributions of input data
and a Monte Carlo approach (Cal EPA, 1998a). This model uses popul ation-weighted outdoor
DPM concentrations in a mass balance model to estimate DPM concentrations in four indoor
environments: residences, office buildings, schools, and stores/retail buildings. The model takes
into account air exchange rates, penetration factors, and a net loss factor for deposition/removal.
In four additional environments (industrial plants, restaurants/lounges, other indoor places, and
enclosed vehicles), assumptions were made about the similarity of each of these spaces to
environments for which DPM exposures had been calculated. Industrial plants and enclosed
vehicles were assumed to have DPM exposures similar to those in the outdoor environment;
restaurant/lounges were assumed to have DPM concentrations similar to stores; and other indoor
places were assumed to have DPM concentrations similar to offices. The estimated DPM
concentrations in the indoor and outdoor environments range from 1.6 pg/m? to 3.0 pg/m?® (Table
2-31).

The DPM concentrations reported in Table 2-31 were used as input to CPIEM, and time-
activity patterns for children and adults were used to estimate total indoor and total air exposures
to DPM. Overall, total indoor exposures were estimated to be 2.0 + 0.7 pg/m?, and total air
exposures (indoor and outdoor exposures) were 2.1 + 0.7 ug/m? (Table 2-32). The South Coast
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Air Basin and the San Francisco Bay Area were also modeled using CPIEM, where tota air
exposures to DPM were estimated to be 2.5 + 0.9 pg/m?® and 1.7 + 0.9 pg/m?3, respectively.

Exposure estimates were also made by Ca EPA (1998a) for 1995, 2000, and 2010 using a
ratiometric approach to 1990 exposures. Total air exposures reported for 1995 and projected for
2000 and 2010 were 1.5 pg/m?, 1.3 pg/m?3, and 1.2 pg/m?3, respectively.

25. SUMMARY

This chapter summarizes information regarding the history of the use of diesal engines,
technological developments and their impact on emissions over time, Federal standards on diesel
exhaust, the chemical and physical character of diesel exhaust, atmospheric transformations of
diesal exhaust, and ambient diesel exhaust concentrations and exposures. The aspects of each of
these topics that are most relevant to the discussion of health effectsin later chapters of this
document are summarized here. Since the mgority of information regarding the chemical
composition and historical changesin diesel exhaust pertains to on-road diesel engines, these data
are discussed in greater detail than diesel emissions from nonroad equipment. Where possible,
nonroad emissions were discussed in Chapter 2 and are briefly summarized here.

25.1. History of Diesel Engine Use, Standards, and Technology

The use of diesel enginesin the trucking industry began in the 1940s, and diesel engines
dowly displaced gasoline engines among heavy HD trucks comprising 36% of new HD truck
salesin 1960, 85% of salesin 1970, and almost 100% of salesin 1997. It is estimated that in
2000, HD diesdl vehicles will travel over 224 billion miles (U.S. EPA, 2000b). 1n 1997, on-
highway HD diesel engines contributed 66% of the PM 2.5 emitted by on-highway vehicles.

To understand changes in emissions over time, it isimportant to note the difference
between model year emission trends and calendar year emission trends. Emission trends by model
year refer to the year in which an engine was made; the emission rate is specific to the technology
and regulations in effect for that year. Emissions in a specific calendar year refer to aggregate
emissions due to the mix of model year engines on the road. Due to the time required for fleet
turnover, emission rates for the on-road fleet in any calendar year are not as low as the most
recent model year emission rate. 1n 1997, 40% of the HD vehicles on the road were at least 10
years old and traveled approximately 17% of HD vehicle miles traveled.

EPA set a smoke standard for on-road HD diesel engines beginning with the 1970 model
year. In the ensuing years, standards for PM from diesel engines for on-road applications
decreased from 0.6 g/bhp-hr in 1988 to 0.1 g/bhp-hr for trucks in 1994-1995 and 0.05 g/bhp-hr
for busesin 1996-1997. Calendar year emission contributions of PM from diesel enginesto
national PM 10 inventories reflect decreases expected to result from Federa regulations since the
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emission factor models (MOBILES and PARTDS) used to provide emission estimates for mobile
sources largely use engine test data required for certification. The U.S. EPA Trends Report
estimates that PM 10 emissions attributed to on-road diesel vehicles decreased 27% in the period
between 1980 and 1998. DPM emission factors (g/mi by model year) measured from in-use
vehicles have, on average, decreased by afactor of six in the period from the mid-1970s to the
mid-1990s.

It isimportant to note that in spite of the decreasing trend in DPM emission factors by
model year, awide range in emission factors from in-use testing are reported, even for newer
model year HD vehicles (from less than 0.1 g/mi to over 1 g/mi for model year 1996 vehicles).
The high variability in DPM emissions within one mode! year has been attributed to deterioration®
and differences in measurement methods and test conditions at the various testing facilities.
Studies in which consistent testing methods were used suggest that deterioration (even for newer
model year engines) causes some of the variability in emission factors, while other studies clearly
demonstrate the important influence of test conditions and driving protocols (e.g., aggressive
driving) on DPM emission factors.

While significant reductions in DPM from diesel vehicle emissions for on-road applications
have been realized, diesal engines (nonroad and on-road combined) are still significant
contributors to 1998 inventories of particulate matter, contributing approximately 23% of PM2.5
emissions (not including the contribution from natural and miscellaneous sources). As the result
of fleet turnover and full implementation of Federal emission standards currently in place, DPM
emissions from on-road diesel engines are projected to decrease until 2007, at which time
increases in vehicle miles traveled offset current emission standards and the DPM emissions begin
to increase.

Technology innovations that impact diesel engine emissions have occurred in the years
since 1960, in particular the advent of turbocharging with charge air cooling and direct injection
engines. The use of these new technologies tends to lower emissions from on-road diesel engines,
until the late 1970s, however, engines were optimized for performance rather than emissions, so
the effect on emissions prior to thistime was small. Overall, it is expected that on-road enginesin
the 1950 to 1970 timeframe would have DPM emissions similar to those of the mid-1970 engines
that were not yet controlled for particulates.

Limited data are available to assess the changes in emission rates from locomotive, marine,
or other nonroad diesel engine sources over time. It is expected that since the typical lifespan of a

3Deterioration includes increases in emission rates (g/bhp hr) due to normal wear as well as manufacturing defects
and malfunctions such as retarded timing, fuel injector malfunction, smoke limiting mechanism problems, clogged
air filter, wrong or worn turbocharger, clogged intercooler, engine mechanical failure, excess oil consumption, and
electronics that have been tampered with or have failed.
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locomotive engineis at least 40 years and since PM regulations for these engines do not take
effect until 2000, PM emission rates by model year from locomotives are not likely to have
changed substantially since the introduction of the diesel engine into the railroad industry in the
early 1950s.

Particulate matter regulations for nonroad diesel equipment are not as stringent as PM
regulations for on-road diesdl engines. While PM emissions have declined for on-road trucks, it is
estimated that PM 10 emissions from nonroad diesel engines increased 17% between 1980 and
1998. DPM emissions from nonroad diesel engines are expected to continue to increase from
current levelsin the absence of new regulations. No information is available regarding changesin
the chemical composition of nonroad engine emissions over time.

2.5.2. Physical and Chemical Composition of Diesel Exhaust

Complete and incomplete combustion of fud in the diesel engine results in the formation
of acomplex mixture of hundreds of organic and inorganic compounds in the gas and particle
phases. Among the gaseous components of diesel exhaust, the aldehydes are particularly
important because of their health effects and because they comprise an important fraction of the
gaseous emissions. Formaldehyde comprises the mgority of the aldehyde emissions (65%-80%)
from diesel engines, with the next most abundant aldehydes being acetaldehyde and acrolein.
Other gaseous components of diesel exhaust that are notable for their health effects include
benzene, 1,3-butadiene, PAH, and nitro-PAH. Dioxin compounds have also been detected in
trace quantities in diesel exhaust and currently account for 1.2% of the national inventory. Dioxin
compounds are known to accumulate in certain foods, e.g., beef, vegetables, and diary products.
It is unknown whether deposition of diesel exhaust emissions has an impact on food chainsin
local areas.

DPM contains EC, OC, and small amounts of sulfate, nitrate, metals, trace elements,
water, and unidentified compounds. DPM istypicaly composed of over 50% to approximately
75% EC depending on the age of the engine, deterioration, HD versus LD, fuel characteristics,
and driving conditions. The OC portion of DPM originates from unburned fuel, engine
lubrication oil, and low levels of partial combustion and pyrolysis products and typically ranges
from approximately 19%-43%, although the range can be broader depending on many of the same
factors that influence the EC content of DPM. Polyaromatic hydrocarbons generally comprise
less than 1% of the DPM mass. Metal compounds and other elements in the fuel and engine
lubrication oil are exhausted as ash and typically comprise 1%-5% of the DPM mass. Elements
and metals detected in diesel exhaust include barium, calcium, chlorine, chromium, copper, iron,
lead, manganese, mercury, nickel, phosphorus, sodium, silicon, and zinc. The composition of
DPM contrasts strongly with the typical chemical composition of ambient DPM2.5 that is
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dominated by sulfate for aerosols measured in the eastern United States and by nitrate,
ammonium, and organic carbon in the western United States.

Approximately 1%-20% of the mass of diesel particulate matter in diesel exhaust isin the
ultrafine size range (nuclel mode), with the majority of particles ranging in size from 0.005-0.05
microns and having a mean diameter of about 0.02 microns. These particles account for 50%-
90% of the number of particles. These ultrafine particles are largely composed of sulfate and/or
sulfate with condensed organic carbon.

Evidence regarding an increase in the number of ultrafine particles from new HD engines
isinconclusive. The dilution conditions used to measure the size distribution of diesel exhaust
have alarge impact on the number of ultrafine particles quantified. To understand the size
distribution of DPM to which people are exposed will require measurements under conditions that
more closely resemble ambient conditions.

Approximately 80%-95% of the mass of particlesin diesal exhaust isin the size range
from 0.05-1.0 microns, with a mean particle diameter of about 0.2 microns, and are therefore in
the fine PM sizerange. Diesd particles in the 0.05-1.0 micron range are aggregates of primary
spherical particles consisting of an EC core, adsorbed organic compounds, sulfate, nitrate and
trace elements. These particles have a very large surface area per gram of mass, which make them
an excellent carrier for adsorbed inorganic and organic compounds that can effectively reach the
lowest airways of the lung. The elemental carbon core has a high specific surface area of
approximately 30-90 m?/g.

Due to the potential toxicological significance of the organic components associated with
DPM, it isimportant to understand, to the extent possible, the historical changes in the amount
and composition of the DPM-associated organic fraction. The organic component of DPM has
typically been characterized by extraction with organic solvents, although other techniques such
as thermogravimetric methods have also been used. Results from studies using similar extraction
methods were compared to characterize historical changes in the SOF emission rates, the
percentage of DPM comprised by SOF, and the composition of SOF. Data from both engine and
chassis dynamometer tests suggest that SOF emission rates have decreased by model year from
1975 t0 1995. When expressed as a percentage of total DPM, the contribution of SOF to total
DPM demonstrates a wide range of variability that may be attributed to different test cycles,
different engine types, and different deterioration rates among the vehicles tested. Currently, LD
diesdl engines emit DPM with a higher fraction of SOF than HD engines.

Chassis dynamometer tests demonstrate an overall decrease in the mass percentage
contribution of SOF to DPM ranging from 10%-60% in the 1980s and ~5%-20% in the 1990s. In
contrast, engine dynamometer tests demonstrate that typicaly 10%-50% of DPM mass is soluble
organic matter for enginesin model years 1980-1995. The higher SOF fraction of DPM from
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1990s model year engine dynamometer tests is attributed primarily to the differences in the engine
and chassis dynamometer driving cycles. The engine dynamometer testing includes high- speed
and low-load or low-speed lugging test modes in the engine Federal Test Procedure that produce
DPM with a high SOF fraction.

The chassis dynamometer data are considered to reflect real-world trends in emissions
from heavy HD vehicles by model year since vehicles from different model years, with different
mileage and different levels of deterioration, are represented. Thusit is expected that the
percentage of SOF from new (1990 or later) model year heavy HD diesel vehiclesislower than
that from older vehicles. This expectation is supported by data demonstrating an overal increase
in the fraction of EC in the carbonaceous component of DPM. The important observation from
the engine test data is that some driving modes occurring in real-world applications even with new
(post-1990) engines may produce DPM with a high SOF component (up to 50%).

PAH and nitro-PAH are present in DPM from both new and older engine exhaust. There
is no information to suggest that the overall PAH composition profile for DPM has changed.
There are too few data to speculate on the changes in emissions of total PAH, nitro-PAH, or PAH
and nitro-PAH components such as BaP and 1-NP. The data suggest that differencesin a
vehicles' engine type and make, general engine condition, fuel composition, and test conditions
can influence the emissions levels of PAH. Some studies suggest that fuel composition is the
most important determinant of PAH emissions. Thereis limited evidence that gas-phase PAH
emission rates increase with higher fuel PAH content and that some particle-phase PAH emission
rates increase with higher fuel PAH content. These data suggest that during the period from 1960
to 1986, when the aromatic content of fuel increased, PAH emissions may have increased until the
aromatic content of diesel fuel was capped in 1993. The aromatic content of nonroad diesel fuel
is not federally regulated and istypically greater than 30%. PAH emissions from nonroad
equipment would also be expected to vary with the PAH content of the fuel.

Currently, information regarding emission rates, chemical composition, and relative
contribution of DPM from high-emitting HD diesel vehiclesis not available and may significantly
change the current understanding of DPM composition to which people are exposed. Some
studies have reported a substantial number of smoking diesel trucks in the in-use fleet. While the
correlation between smoke and particul ate concentration varies with the driving cycle and
measurement method, the results of smoke opacity tests suggest that high-emitting HD diesel
vehicles may be important contributors to ambient diesel exhaust and DPM concentrations.

The chemical composition of DPM to which people are currently exposed is determined
by a combination of older and newer technology on-road and nonroad engines. Consequently, the
decrease in the SOF of DPM by model year does not directly trandate into a proportional
decrease in DPM-associated organic material to which people are currently exposed. In addition,
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the impact from high-emitting and/or smoking diesel enginesis not quantified at this time.
Because of these uncertainties, the changesin DPM composition over time cannot presently be
guantified. The data clearly indicate that toxicologically significant organic components of DE
(e.g., PAHs, PAH derivatives, nitro-PAHS) were present in DPM and DE in the 1970s and are
still present in DPM and DE as awhole.

While a significant fraction of ambient DPM (e.g., over 50% is possible) is also emitted by
nonroad equipment, there are no data available to characterize changes in the chemical
composition of DPM from nonroad equipment over time.

Some analysts project that diesel engines will increase substantialy inthe LD fleet in
coming years. While LD engines currently emit DPM with higher SOF than HD engines of the
same model year, recently promulgated Tier 2 standards will require control measures in the
2004-2007 timeframe that will reduce PM emissions from these vehicles. These control measures
provide some assurance that even if LD diesel use increases, DPM emitted from these vehicles
will likely have a smaller SOF component than they currently emit.

2.5.3. Atmospheric Transformation of Diesel Exhaust

An understanding of the physical as well as chemical transformations of diesel exhaust in
the atmosphere is necessary to fully understand the impact of this complex chemical mixture on
human health. In the past two decades, data acquired from laboratory and ambient experiments
have provided information regarding the atmospheric loss processes and transformation of diesel
exhaust, but knowledge concerning the products of these chemical transformationsis still limited.
A recent study has suggested that DPM exposed to ambient levels of ozone is sufficiently altered
to increase the rat lung inflammatory effect compared with DPM not exposed to ozone.

Studies investigating the chemica and physical changes of diesel exhaust emissions
suggest that thereis little or no hygroscopic growth of primary diesel particles, but that as they
undergo oxidation, hygroscopicity increases. Increased solubility can increase the removal
efficiency of secondary diesel particles compared with their precursor compounds. Secondary
aerosols from diesel exhaust may also exhibit different biological reactivities than the primary
particles. For example, there is evidence for nitration of some PAH compounds resulting in the
formation of nitroarenes that are often more mutagenic than their precursors.

2.5.4. Ambient Concentrations and Exposureto Diesel Exhaust

Due to changes in engine technology and DPM emissions over time, ambient
concentrations reported from studies before 1990 are compared here to those reported after 1990.
There are no studies in which direct comparisons can be made due to different analytical and
modeling tools used to assess DPM ambient levels.
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DPM concentrations reported from CMB and dispersion modeling studies in the 1980s
suggest that in urban and suburban areas (Phoenix, AZ, and Southern California), annual average
DPM concentrations ranged from 2-13 pg/m?, with possible maximum daily valuesin Phoenix,
AZ, of 22 pg/m3. In these studies, the average contribution of DPM in urban areas to total
ambient PM ranged from 7% in Pasadena, CA, to 36% in Los Angeles, CA.

In the 1990 timeframe, annual or seasonal average DPM concentrations reported in CMB
studies and from EC measurements for urban and suburban areas range from 1.2-4.5 pg/m?. The
contribution of DPM to ambient PM at these sites averaged 10%-15% on a seasonal or annual
basis, with contributions up to 38% on individua days (Brighton, CO). Dispersion modeling on
individual daysin Southern Californiain the 1990s predicts DPM concentrations ranging from
1.9-4.4 pg/m? (8%-12% of ambient PM). On individual days at a major bus stop in New Y ork
City, DPM concentrations were reported to reach 46.7 pg/m?® and averaged 53% of ambient PM,
highlighting the important influence of diesel bus traffic in an urban street canyon.

In non-urban and rural areas in the 1980s, DPM concentrations reported range from 1.4 -
5 pg/m?3and on average comprised 5%-12% of the ambient aerosol. In the 1990s, non-urban air
basins in California were reported to have DPM concentrations ranging from 0.2-2.6 pug/m?.

While estimates from emissions models suggest that DPM emissions from on-road sources
decreased during the 1990s, the atmospheric data available do not provide a clear indication of
trends in DPM concentrations but are likely to be more areflection of the choice in sampling sites,
source apportionment methods, and modeling techniques. In general, from the limited number of
studies available it appears that DPM concentrations averaged over at least a season in the 1990s
typicaly ranged from 1-4 pg/m?3. These data can be used in model-monitor comparisons and to
provide an indication of long-term average exposures in some urban areas. Additional work is
needed to assess ambient DPM and DE concentrations in several urban environments, to assess
microenvironments, and to evaluate the relative impact of nonroad and on-road sources on
concentrations.

A comprehensive exposure assessment cannot currently be conducted due to the lack of
data. Information regarding DPM in occupational environments suggests that exposure ranges up
to approximately 1,280 ug/m? for miners, with lower exposure measured for railroad workers
(39-191 pg/m?), firefighters (4-748 pg/m?), public transit personnel who work with diesel
equipment (7-98 pg/m?), mechanics and dockworkers (5-65 pg/m?), truck drivers (2-7 ug/m3),
and bus drivers (1-3 pg/m?). Work area concentrations at fixed sites are often higher than
measured exposures, especialy for mining operations or other enclosed spaces. For severd
occupations involving DE exposure, an increased risk of lung cancer has been reported by
epidemiological studies (discussed in Chapter 7). An estimate of the 70-year lifetime
environmental exposure equivalent to these occupational exposures provides one means of
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comparing the potential overlap between occupational exposures and exposures modeled for the
general public. The estimated 70-year lifetime exposures equivalent to those for the occupational
groups discussed above range from 0.4-2 ug/m?® on the low end to 2-269 on the high end.

The EPA has performed a national-scale exposure assessment for DPM from on-road
sources. Current national exposure modeling using the HAPEM-M S3 model suggests that in
1996, annual average DPM exposure from on-road diesel exhaust sources in urban areas was 0.7
pg/m?, while in rural areas, exposures were 0.3 ug/m?*. Among 10 urban areas in which DPM
exposures were modeled, 1996 annual average exposure from on-road diesel exhaust sources
ranged from 0.5 pg/m?3to 1.2 pg/m?*. Outdoor workers and children who spend a large amount of
time outdoors were estimated to have elevated DPM exposures in 1990, ranging up to 4.0 pg/m?®
from on-road sources only. Based on the national inventory, DPM exposure that includes the
contribution from nonroad emission sources could contribute at least twice the on-road exposure.
Additional national-scale exposure modeling efforts have been initiated at EPA and are being
refined to initially provide information regarding average exposures and eventually to provide
more informed estimates of exposures for more highly exposed individuals.

L ow-end exposures for many of the occupational groups overlap 1990 and 1996
exposures from on-road sources modeled for the general population (0.7-0.8 pg/m?) and for the
more highly exposed groups. This potential overlap or small difference between occupational and
ambient exposures presents a concern that health effects observed in occupational groups may
also be evidenced in the general population. The potential magnitude of thisrisk is discussed in
Chapter 8.

In different exposure environments, the types of diesel vehicles, their mode of operation,
mai ntenance, atmospheric transformation and many additional factors influence the chemical
nature and quantity of DPM to which people are exposed. The potential health consequences of
both short- and long-term exposures to diesel exhaust are discussed in the following chapters of
this document.
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Table 2-1. Vehicle classification and weightsfor on-road trucks

Class Gross vehicle weight (Ib)
1 <6,000
2 6,001-10,000
3 10,001-14,000
4 14,001-16,000
5 16,001-19,500
6 19,501-26,000
7 26,001-33,000
8A*® 33,001-60,000
8B® >60,000
Medium duty (MD) 10,001-19,500 (same as Classes 3-5)
Light-heavy duty (LHD) 19,501-26,000 (same as Class 6)
Heavy-heavy duty (HHD) >26,001 (same as Class 7-8)

%Class 8A and Class 8B are often considered together.

Table 2-2. Total (gasand diesel) and diesel trucksin thefleet in 1992

Truck class 1992 gas and 1992 diesel % Diesels
diesel trucks trucks

Class1and 2 55,193,300 1,387,600 3

(Light duty)

Class 3, 4,and 5 1,258,500 326,300 26

(Medium duty)

Class 6 732,300 273,800 37

(Light heavy-duty)

Class 7 and 8 2,016,600 1,725,300 86

(Heavy heavy-duty)

Source: Census of Transportation (1995)
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Table 2-3. Typical chemical composition of fine particulate matter

Eastern U.S. | Western U.S. | Diesel PM2.5
Elemental carbon 4% 15% 75%
Organic carbon 21% 39% 19%
Sulfate, nitrate, 48% 35% 1%
ammonium
Minerals 4% 15% 2%
Unknown 23% - 3%

Source: U.S. EPA, 1999a

Table2-4. U.S. emission standards: HD highway diesel engines

M odel Pollutant (g/bhp-hr)
year Smoke?
HC CO NO, HC + NO, Particulate (PM)
t=truck, b=bus,
ub=urban bus
1970 — — — — — A:40%; L:20%
1974 — 40 — 16° — A:20%; L:15%; P:50%
1979 15 25 — 10° — A:20%; L:15%; P:50%
1985° 13 155 10.7 — — A:20%; L:15%; P:50%
1988 13 155 10.7 — 0.60 A:20%; L:15%; P:50%
1990 13 155 6.0 — 0.60 A:20%; L:15%; P:50%
1991 13 155 5.0 — 0.25 A:20%; L:15%; P:50%
1993 13 155 5.0 — 0.25t,0.10b A:20%; L:15%; P:50%
1994 13 155 5.0 — 0.10t, 0.07 ub A:20%; L:15%; P:50%
1996 13 155 5.0 — 0.10t, 0.05 ub A:20%; L:15%; P:50%
1998 13 155 4.0 — 0.10t, 0.05 ub A:20%; L:15%; P:50%
2004 13 155 — 2.4 NMHCH 0.10t, 0.05 ub A:20%; L:15%; P:50%

*Emissions measured in percent opacity during different operating modes: A=acceleration; L=Iug; P=peaks
during either mode.

*Total HC.

In 1985, test cycle changed from steady-state to transient operation for HC, CO, and NO, measurement and in
1988 for PM.

9Or 2.5 plus alimit of 0.5 nonmethane hydrocarbon (NMHC).
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Table2-5. U.S. emission standards: locomotives (g/bhp-hr)

Year? CcO HC NO, PM
Line-haul 1973-2001 (Tier 0) 5.0 1.0 95 0.6
Switch 1973-2001 (Tier 0) 8.0 21 14.0 0.72
Line-haul 2002-2004 (Tier 1) 22 0.55 7.4 0.45
Switch 2002-2004 (Tier 1) 25 12 11.0 0.54
Line-haul 2005 + (Tier 2) 15 0.3 55 0.20
Switch 2005 + (Tier 2) 24 0.6 8.1 0.24

#Date of engine manufacture.
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Table2-6. U.S. emission standardsfor nonroad diesel equipment (g/bhp-hr)

Power rating M odel Pollutant (g/bhp-hr) Smoke %?
year | yc | co NO, NMHC + PM
NO,
1ll<hp 2000 — 6.0 — 7.8 (ABT) 0.74 (ABT)
2005+ — 6.0 — 5.6 (ABT) 0.60 (ABT)
1ll<hp<25 2000 — 4.9 — 7.0 (ABT) 0.60 (ABT)
2005+ — 4.9 — 5.6 (ABT) 0.60 (ABT)
25< hp<50 2000 — 4.1 — 7.0 (ABT) 0.60 (ABT)
2005+ — 4.1 — 5.6 (ABT) 0.44 (ABT)
50< hp <100 1998+ — — 6.9 (ABT) — — 20/15/50
2004 — 3.7 5.6 (ABT) 0.30 (ABT)
2008+ — 3.7 3.5(ABT) —
100< hp <175 | 1997+ — — 6.9 (ABT) — — 20/15/50
2003 — 3.7 — 4.9 (ABT) 0.22 (ABT)
2007+ — 3.7 — 3.0 (ABT) —
175< hp<750 | 1996+ | 1.0 85 6.9 (ABT) — 0.4 20/15/50
175< hp < 300 2003 — 2.6 — 4.9 (ABT) 0.15 (ABT)
2006+ — 2.6 — 3.0 (ABT) —
300< hp < 600 2001 — 2.6 — 4.8 (ABT) 0.15 (ABT)
2006+ — 2.6 — 3.0 (ABT) —
600< hp < 750 2002 — 2.6 — 4.8 (ABT) 0.15 (ABT)
2006+ — 2.6 — 3.0 (ABT) —
>750 hp 2000+ | 1.0 85 6.9 (ABT) — 0.4 20/15/50
2006+ — 2.6 — 4.8 (ABT) 0.15 (ABT)

*Emissions measured in percent opacity during different operating modes: Acceleration/lug/peaks during either mode.
ABT=average banking and trading.

Note: The standards for engines less than 50 hp aso apply to diesel marine engines.
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Table 2-7. Comparison of in-use truck fleet
with truck fleet tested on chassis dynamometer,

percent of total vehicles

Class | In-usetrucks, Tested
1995 census trucks
3 17.7 1
4&5 13.3 0
6& 7 25.0 17
8A 20.9 52
8B 231 30
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Table 2-8. Diesdl engine emissions data from engine dynamometer tests

Reference Engine? Year Test® NO, PM CO THC SOF SOF Total B[a]P 1-NP (NPAH)
g/lbhp- g/bhp- g/bhp- g/bhp- g/bhp- Meth® Aldehyde, (PAH) ug/bhp-hre
hr hr hr hr hr mg/bhp-hr _ug/bhp-hr¢
Hare, 1977 Cat 3208 (NA) 1976 SS 798 0871 4.04 111 0.103 c-hexane 0.76
DDC 6V 71 (blower) 1976 SS 1024 192 6.55 0.71 0937 c-hexane 0.24
Springer, 1979 Mack ETAY (B)673A (DI, 1977 SS 6.613 0.61 1588 0476 0.098 Benz/cyc 65 2.23
TC,AC)
Cat 3208 (EGR, NA) 1977 SS 3747 221 6.200 1.163 Benz/cyc 161 1.72
Cat 3406 (DI, TC, AC) 1977 SS  9.79 0.35 234 035 0.063 Benz/cyc 73 0.15
Cat 3406 (DI, TC,AC,EGR) 1977 SS 5.49 093 4381 0.17 0.181 80 0.08
Cat 3406 (IDI, TC, AC) 1977 SS 514 0.28 1.26 0.12 0.031 Benz/cyc 80 0.11
DB OM-352A (DI, TC,AC) 1977 SS 8.93 0.56 0.190 Benz/cyc 280 0.87
DB OM-352A (DI, NA) 1977 SS  7.46 0.99 0.287 Benz/cyc 280 1.07
Perez, 1980 Cat (DI, NA) 1978 SS 8.2 0.77 5.92 0.77 0.19 DCM 1.08
Cat (DI, EGR) 1978 SS 5.6 121 5.37 057 0079 DCM 4.34
Cat (DI, TC, AC) 1978 SS 7.66 0.33 220 027 0.037 DCM 0.34
Martin, 1981a Cat 3208 1978 T 7.83 1.06
Cummins NTC350 1976 T 1141 081
DDC 6V92T (29) 1978 T 9.55 0.72
Cummins NTCC350 1979 T 6.58 0.52
DDC 8V71N (29) 1978 T 7.15 0.92
DDC 6V92TA (29) 1979 T 780 0.65
IH DTI466B 1979 T 7.46 0.48
Mack ETAY (B)673A 1979 T 9.01 0.77
Mack ETSX676-01 1980 T 6.90 0.85
Cummins VTB-903 1979 T 810 053
Cat 3406 1979 T 11.28 0.69
Cat 3406PCTA 1979 T 724  0.49
Cummins BigCam NTC350 1979 T 9.97 0.54
IH DT466 1979 T 7.91 0.71
DDC 6V92TA (29) 1979 T 11.66 0.73
DDC 8V71TA (29) 1979 T 9.81 0.51
Cummins NTC290 1979 T 11.10 0.78
Cummins NH-250 1979 T 10.87 0.97
Martin, 1981b Cummins VTB-903 1980 T 5.59 0.67 2.0 223 0228 DCM
DDC 8V71TA (29) 1980 T 7.91 044  2.28 0.73 0176 DCM
IH DTI466B 1980 T 441 0.62 2.35 0.87 0186 DCM
Ullman, 1984 DDAD 6V-71 (29) 1980 T 6.09 0.56 3.86 142 0298 DCM 23 --
Martin et al., 1984 Cummins NTC300 1981 T 8.13 0.45 2.70 1.36 --
DDC 8V-92 TA (29) 1980 T 8.15 0.45 2.61 0.53 --
Barry et al., 1985 Cat 3406B 1985 T 6.58 0.48 21 0.5 0.061 DCM 70 1
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Table 2-8. Diesel engine emissions data from engine dynamometer tests (continued)

Reference Engine? Year Test® NO, PM CO THC SOF SOF Total B[a]P 1-NP (NPAH)
g/bhp- g/bhp- g/bhp- g/bhp- g/bhp- Meth® Aldehyde, (PAH) ug/bhp-hre
hr hr hr hr hr mg/bhp-hr _ug/bhp-hr¢
SS 664 036 183 038 0.0255
Engaet al., 1985 DDC 8V-71 TAC (29) 1984 T 585 126 299 148 - - -
Baineset al., 1986 Cummins NTCC-400 1985 T 462 055 321 053
Wachter et al., 1990 Iveco 8460 1991 T 0.22 0.0957 ?
McCarthy et al., 1992 Navistar DTA466 ES210 1993 T 493 0.082 13 028 0.0237 SFE
Perez and Williams, Engine 1 1982 T 0.93 0.179 DCM 26 0.83
1989
Engine 2 1982 T 0.86 0.145 DCM 5.8 -
Engine 3 1982 T 0.59 0.185 DCM 4.9 0.89
Engine 4 1982 T 0.96 0.325 DCM 26 12
Engine 5 1982 T 1.06 0.076 DCM 5.3 -
Engine 6 1982 T 0.88 0.344 DCM
Needham et al., 1989 Average of 16 engines 1988 T 0.37 0.12 DCM
Average of 3 engines 1991 T 0.24 0.10 DCM
Kreso et al., 1998b Cummins L10-300 1988 SS 515 0.103 026 0.030 DCM
Cummins L10-310 1991 SS 470 0.035 0.067 0.022 DCM
Cummins M11-330E 1995 SS 382 0.037 0.16 0.016 DCM
Bagley et al., 1998 Cat 3304 (IDI, NA) non-road 1983 SS 0.56 0.319 Benz/cyc 1.5(133) 22
Graboski, 1998 DDC 6V-7IN-77 (MUI, 25) 1977 T 996 083 359 201 0.729 DCM
(and references therein)] DDC 6V-92TA-91 (DDECII) 1991 T 423 0197 151 0.72 0.0788 ?
DDC-6V-92TA-87 (25) 1987 T 1077 059 071 - -
DDC-6V92TA-83 (MUI,2S) 1983 T 562 0265 119 0435 0.133 DCM
DDC 6V-92TA -88 (DDECII, 1988 T 8.52 0.2 16 06 0116 Tol/EtOH
25)
DDC 6V-92TA-91 (DDECII, 2S) 1991 T 44 0276 165 042 0.07 Tol/EtOH
DDC 6V-7IN-77 (MUI, 25) 1977 T 11.72 0282 318 086 0212 DCM
DDC 6V-92TA-81/89 (MUI, 2S) 1981 T 1006 0268 216 042 0144 DCM - -
DDC 6V-92TA-91 (DDECII, 2S) 1991 T 484 0227 151 044 - - -
DDC 6V-92TA-89 (DDECII, 2S) 1989 T 4855 0.338 2499 0.526 - - -
DDC Series 60-91 DDECI|I 1991 T 4635 0300 4458 0.164 -
Cummins L-10-87 (MUI) 1987 T 564 0309 233 089 -
DDC Series60-91 (DDECII) 1991 T 468 0220 226 0.08 0066 DCM
Cummins N-14-87 (MUI) 1987 T 632 0369 220 058 0.100 ?
DDC Series60-89 (DDECII) 1989 T 5128 0.252 4.008 0.154 - -
DDC Series60-91 (DDECII) 1991 T 4303 0.182 2.004 0.392 0.061 Tol/EtOH - -
Cummins B5.9 1995 T 437 0106 147 030 005 DCM 0.24((18.5)
Norbeck et al,, 1998b Cummins L10 1991 T 477 0224 226 053 - 80 20(1725) 1.95(4.92)
Spreen et al., 1995 Navistar DTA466 1994 T 4779 0090 0.989 0.181 0035 DCM 26
DDC Series 60 1994 T 489 0112 1402 0.065 0.043 DCM 17
Sienicki et al., 1990 Navistar DTA466 1991 T 525 022 - 023 0.05 DCM
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Table 2-8. Diesel engine emissions data from engine dynamometer tests (continued)

Reference Engine? Year Test® NO, PM CO THC SOF SOF Total B[a]P 1-NP (NPAH)
g/lbhp- g/bhp- g/bhp- g/bhp- g/bhp- Meth® Aldehyde, (PAH) ug/bhp-hre
hr hr hr hr hr mg/bhp-hr _ug/bhp-hr¢
Ullman et al., 1990 DDC Series 60 1991 T 4552 0.183 2.102 0.508 --
Kado et al., 1998 Cat 3406E 1997 T DCM 0.07(30) 0.34
Ullman et al., 1988 Cummins NTCC400 1988 T 4.47 0.42 2.22 0.53
Mitchell et al, 1994 DDC Series 60 1994 T 443 0111 217 022 0021 DCM 34 (141) 0.04(0.12)
Navistar DTA466 1994 T 486 0099 110 034 0.046 DCM 56 0.11(242) 0.3(0.6)
Tanakaet al, 1998 Unknown 1994 SS 4934 0143 0.807 0352 0036 DCM .076
Rantanen et al, 1993 Scania 1990 SS 930 0.157 0.031 DCM
Vamet 1990 SS 8.67 0.157
Volvo 1990 SS 9.87 0.262
Volvo 1995 SS 456  0.135

*NA=naturally aspirated. TC=turbochared (engines not designated as NA or TC are turbocharged). AC=aftercooled. DI=direct injection. IDI=indirect
injection. EGR=exhaust gas recirculation. 2S=two-stroke (engines not designated as 2S are four-stroke). MUI=mechanical unit injector (not electronically
controlled). DDEC=Detroit Diesal Corporation’s engine control module (electronic control).

SS=various single or multimode steady-state tests. T=heavy-duty FTP (transient test).

°SOF extraction method. SFE=Supercritical fluid extraction. All others by Soxhlet extraction using the indicated solvents (? for unreported).
DCM-=dichloromethane. Tol/EtOH=toluene/ethanol mixture. Benz/cyc=benzene/cyclohexane mixture. C-hexane=cyclohexane.

YNumber in parentheses is the total PAH emission obtained by summing emissions of all PAHs reported.

“Number in parentheses is the total NPAH emission obtained by summing emissions of all NPAHSs reported.
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Table 2-9. HD diesdl emissionsresults from tunnel tests (adapted from Yanowitz et al., 1999)

Test Tunnel location, Fuel NO,> | NMHC CO DPM CO, NO,2 | NMHC | CO DPM
year of study efficiency | (g/mi) (g/mi) (g/mi) (g/mi) (g/mi) (g/gal) | (g/gal) |(g/gal) | (gd/gal)
(mi/gal)
Pierson and Allegheny, 1974 5.42° .90-1.80 299038
Brachaczeck, 1983 Allegheny, 1975 175+ 0.19 949103
Allegheny, 1976 15+0.10 81054
Allegheny, 1976 1.4+0.07 76%04
Tuscarora, 1976 1.3+0.19 70+ 10
Tuscarora, 1976 139+ 26 75+ 1.40
Allegheny, 1977 1.3+0.08 7.0% 043
Allegheny, 1979 1.2+0.03 6.5 0.16
Allegheny, 1979 1.4+ 0.04 76+0.19
Rogak et al., 1998 Cassiar Tunndl, 8.03° 19.50 -0.16 6.79 1,280 157 17 55
1995, Vancouver +422 | £088 | +11.78 + 40 +34 + 95
Miguel et al., 1998 Caldecott Tunnel, 5.42° 2382+ 1.67 129 9.0
1996, San Francisco 4.17 +0.24° +23 +1.3
Weingartner et al., Gubrist Tunnel, 5.60° 0.62 35
1997 1993, Zurich +0.02 +0.1
Piersonet al., 1996 | Fort McHenry 11.46° 9.66 0.92 6.8 897 111 11 78
Tunnel, downhill, +0.32 +021 +15 +48 +4 +2 +17
1992, Baltimore
Piersonet al., 1996 |Fort McHenry 5.42° 22.50 2.55 14.3 1,897 122 14 78
Tunnel, uphill, +100 | £105 +55 + 168 +5 +6 +30
1992, Baltimore
Pierson et al., 1996 | Tuscarora Tunnel 6.44° 19.46 0.68 6.03 1,596 125 4 39
1992, Pennsylvania +085 | £020 | £161 + 78 +5 +1 + 10
Kirchstetter et al., Caldecott Tunnel, 5.42° 2382+ 1.43 129 7.7
1999 1997, San Francisco 2.98 +0.129 + 16 +0.6°
Gertler,1999 Tuscarora Tunnel, 0.29
1999, Pennsylvania
NO, reported as NO.. ¢Slope of tunnel unknown, so used average fuel efficiency for the United
®Cal culated from observed CO, emissions assuming fuel density 7.1 Ib/gal States.
and C is 87% of diesdl fuel by weight. PM,.
°Since CO, emissions not available, fuel efficiency assumed to be the same IPM, .

310N0O YO 3110 10N 0d—14Vvdd

asin dlightly uphill tunnel (Fort McHenry). hUncertainty reported as +1.0 standard deviation, except where literature
YReported as black carbon, assumed that 50% of total PM emissions are report did not specify standard deviation; in those cases uncertainty listed
BC. as reported.



Table 2-10. Remote sensing resultsfor HD vehicles

Reference Year study |Emissions (g/gal)
conducted
NO, Jimenez et d., 1998 1997 1503bc
Cohen et a., 1997 1997 108 abe
Countess et a., 1999 1998 1873be
CO Bishop et al., 1996 1992 59°
Cohen et a., 1997 1997 54°
Countess et a., 1999 1998 85°
THC Bishop et al., 1996 1992 0.002 HC/CO, mole ratio °
Cohenet d., 1997 1997 0.00073 HC/CO, mole ratio ®

*Remote sensing measures NO. The reported value was corrected to aNO, (as NO,) value by
assuming 90% (mole fraction) of NO, is NO.
PEmissions in g/gal calculated by assuming that fuel density is 7.1 Ib/gal and C is 87% by weight

of fuel.

“No humidity correction factor is included.

9In order to calculate emissionsin g/gal, an average molecular weight is needed.

Source: Yanowitz et al., 1999.
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Table2-11. Summary of CDD/CDF emissions from diesel-fueled vehicles

Number
of test Emission factor
Study Country Vehicletested | vehicles (pg TEQ/km driven) Driving cycle; sampling location
CARB, 1987a; Lew, 1996 | United States Diesel truck 1 663-1,300 6-hr dynamometer test at 50 km/hr
Marklund et al., 1990 Sweden Diesel truck 1 not detected (<18)? U.S. Federal mode 13 cycle; before muffler
Hagenmaier et al., 1990 Germany Diesel car 1 2.42 Comparable to FTP-73 test cycle; in tailpipe
Hagenmaier et al., 1994 Germany Diesel bus 1 not detected (< 1 pg/L) On-the-road testing
Oehmeet al., 1991 Norway — (b) 520° Cars moving uphill (3.5% incline) at 60 km/hr
(tunnel study) 38° Cars moving downhill (3.5% decline) at 70 km/hr
avg =280
9,500° Trucks moving uphill (3.5% incline) at 60 km/hr
720° Trucks moving downhill (3.5% decline) at 70 km/hr
avg = 5,100
Schwind et al., 1991 Germany Diesel car 1 5.0-13* Various test conditions (i.e., loads and speeds)
Hutzinger et a., 1992 Diesel truck 1 13-15° Various test conditions (i.e., loads and speeds)
Gertler et al., 1996 United States | Diesel trucks (d) mean = 172 Mean of seven 12-hour samples
(tunnel study)
Gullett and Ryan, 1997 United States | Diesel truck 1 mean - 29.0 Mean of five sample routes

*Results reported were in units of pg TEQ/liter of fuel. For purposes of thistable, the fuel economy factor used by Marklund et al. (1990), 10 knV/L or 24 miles/gal, was used to convert the emission ratesinto
units of pg TEQ/km driven for the cars. For the diesel-fueled truck, the fuel economy factor reported in CARB (1987a) for a 1984 heavy-duty diesel truck, 5.5 km/L (or 13.2 miles/gal), was used.

bTests were conducted over portions of 4 days, with traffic rates of 8,000-14,000 vehicles/day. Heavy-duty vehicles (defined as vehicles over 7 metersin length) ranged from 4% to 15% of total.

°Emission factors are reported in units of pg Nordic TEQ/km driven; the valuesin units of I-TEQ/km are expected to be about 3% to 6% higher.

“Tests were conducted over 5 days with heavy-duty vehicle rates of 1,800-8,700 vehicles per 12-hour sampling event. Heavy-duty vehicles accounted for 21% to 28% of all vehicles.
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Table 2-12.

Baltimore Harbor Tunnel Study: estimated CDD/CDF emission factorsfor HD vehicles

Mean

Run-specific emission factors emission

c / Run no. 2 Run no. 3 Run no. 5 Run no. 6 Run no. 8 Run no. 9 Run no. 10 fac/tli)rs

ongenericongener group (pg/km) (pg/km) (pg/km) (pg/km) (pg/km) (pg/km) (pg/km) (pghkm)
2,3,7,8-TCDD 24.5 61.6 0.0 21.2 37.8 40.1 54.9 34.3
1,2,3,7,8-PeCDD 40.2 20.6 15.4 5.6 38.4 0.0 83.0 29.0
1,2,3,4,7,8-HxCDD 18.2 25.2 46.5 8.3 64.5 0.0 123 40.8
1,2,3,6,7,8-HxCDD 37.5 28.2 64.3 19.6 153 71.1 186 80.0
1,2,3,7,8,9-HxCDD 53.6 56.5 91.6 48.4 280 126 370 147
1,2,3,4,6,7,8-HpCDD 0 401 729 111 2,438 963 2,080 960
OCDD 0 3,361 3,382 1,120 9,730 5,829 7,620 4,435
2,3,7,8-TCDF 0 94.3 67.6 152.8 155.8 73.4 61.7 86.5
1,2,3,7,8-PeCDF 0 48.9 72.6 23.6 53.3 0.0 43.3 34.5
2,3,4,7,8-PeCDF 24.5 75.7 131 46.6 85.0 63.9 108 76.4
1,2,3,4,7,8-HXCDF 15.4 139 204 93.8 124 164 166 129
1,2,3,6,7,8-HXCDF 0.3 75.1 73.7 51.0 61.3 54.4 95.5 58.8
1,2,3,7,8,9-HXCDF 27.7 14.8 75.6 0 20.6 37.2 63.5 34.2
2,3,4,6,7,8-HxCDF 15.2 82.5 152 55.7 93.0 86.8 111 85.2
1,2,3,4,6,7,8-HpCDF 12.6 280 445 154 313 354 308 267
1,2,3,4,7,8,9-HpCDF 0 58.5 60.8 31.1 25.0 2.3 34.9 30.4
OCDF 0 239 401 175 416 534 370 305
Total 2,3,7,8-CDD 174 3,954 4,328 1,335 12,743 7,028 10,515 5,725
Total 2,3,7,8-CDF 95.7 1,108 1,684 784 1,347 1,371 1,362 1,107
Total TEQ 73.8 175 170 96 235 153 303 172
Total TCDD 245 0 140 165 311 109 97.3 152
Total PeCDD 110 21.9 83.3 35.6 174 0.0 165 84.2
Total HXCDD 677 0 753 54.5 2,009 1,666 2,971 1,162
Total HpCDD 0 802 1,498 142 5,696 1,933 4,377 2,064
Total OCDD 0 3361 3,382 1,120 9,730 5,829 7,620 4,435
Total TCDF 0 901 1,314 656 2,416 1,007 687 997
Total PeCDF 124 119 1,152 78.4 1,055 282 626 491
Total HXCDF 136 319 852 67.6 444 719 619 451
Total HpCDF 0 223 814 144 513 354 637 384
Total OCDF 0 239 401 175 416 534 370 305
Total CDD/CDF 1,291 5,987 10,390 2,638 22,766 12,434 18,168 10,525
HD vehicles as % of total 21.2 22.0 22.6 34.0 28.8 24.2 27.4 25.7

vehicles
Notes:

(2) Listed values are based on the difference between the calculated chemical mass entering the tunnel and the mass exiting the tunnel.
(2) All caculated negative emission factors were set equal to zero.
(3) All CDD/CDF emissions were assumed to result from heavy-duty diesel-fueled vehicles. The table presentsin the last row the percent of total traffic that was heavy-duty vehicles.

Source: Gertler et al., 1996.




Table 2-13. Organic and elemental carbon fractions of diesel and gasoline engine

PM exhaust
Engine type % %
Organic Elemental
carbon carbon
HD diesd engines® 19+8 75+ 10
HD diesel engines (SPECIATE)® 21-36 52-54
LD diesd engines® 30+9 61+ 16
LD diesel engines (SPECIATE)® 22-43 51-64
Gasoline engines (hot stabilized)? 56+ 11 25+ 15
Gasoline engines (smoker and high emitter)?c 76+ 10 7+6
Gasoline engines (cold start)? 46+ 14 42+ 14

2Fujitaet a., 1998, and Watson et al., 1998.
bU.S. EPA SPECIATE database.
®Norbeck et al., 1998c.
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Table 2-14. Emission rates of PAH (mg/mi) from LD and HD diesel vehicles

PAH Light-duty Heavy-duty
diesel diesel

Naphthalene 5554+ 0.282 | 2.451+ 0.154
2-Menaphthalene 3.068 + 0.185 | 2.234 £ 0.152
1-Menaphthalene 2313+ 0.134 | 1.582 + 0.103
Dimethylnaphthalenes 5.065 + 0.333 | 2.962 + 0.488
Biphenyl 0.743 £ 0.041 | 0.505 £ 0.037
2-Methylbiphenyl 0.203 + 0.015 | 0.049 + 0.024
3-Methylbiphenyl 1.048 £ 0.063 | 0.401 + 0.036
4-Methylbiphenyl 0.447 + 0.028 | 0.144 £ 0.021
Trimethylnaphthalenes 6.622 + 0.563 | 1.940+ 0.221
Acenaphthylene 0.422 + 0.024 | 0.059 + 0.087
Acenaphthene 0.096 + 0.008 | 0.030 + 0.040
Phenanthrene 1411+ 0.072 | 0.084 + 0.011
Fluorene 0.442 + 0.038 | 0.066 + 0.022
Methylfluorenes 1.021 + 0.091 | 0.071 + 0.055
Methyl phenanthrenes 1.115+ 0.064 | 0.124 + 0.069
Dimethylphenanthrenes 0.637 + 0.047 | 0.090 £ 0.096
Anthracene 0.246 + 0.025 | 0.052 + 0.016
9-Methylanthracene 0.013 + 0.002 | 0.434 £ 0.082
Fluoranthene 0.213+ 0.014 | 0.044 + 0.026
Pyrene 0.245+ 0.020 | 0.071 £ 0.017
Methyl (pyrenes/fluoranthenes) 0.548 + 0.045 | 0.022 + 0.082
Benzonaphthothiophene 0.002 + 0.002 | 0.001 + 0.027
Benz[a]anthracene 0.020 + 0.005 | 0.066 + 0.046
Chrysene 0.029 + 0.005 | 0.009 £ 0.021
Benz[b+j+k]fluoranthene 0.056 + 0.005 | 0.009 £ 0.022
Benzo[e]pyrene 0.019+£ 0.003 | 0.010+ 0.014
Benzo[a]pyrene 0.013+ 0.004 | 0.013+ 0.044
Indeno[1,2,3-cd]pyrene 0.010 + 0.003 | 0.001 £+ 0.037
Dibenzo[a]anthracene 0.002 + 0.003 | 0.000 £+ 0.053
Benzo[b]chrysene 0.001 + 0.002 | 0.001 £ 0.027
Benzo[ghi]perlyne 0.018 £ 0.004 | 0.013+0.048
Coronene 0.006 + 0.006 | 0.001 + 0.095
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Table 2-15. Polycyclic aromatic hydrocarbons identified in
extracts of diesdl particlesfrom LD diesel engine exhaust

Compound Molec. | Concentration
wt. ng/mg extract

Acenaphthylene 152 30
Trimethylnaphthalene 170 140-200
Fluorene 166 100-168
Dimethylbiphenyl 182 3091
C, -Naphthalene 184 285-351
Trimethylbiphenyl 196 50
Dibenzothiophene 184 129-246
Phenanthrene 178 2,186-4,883
Anthracene 178 155-356
Methyldibenzothiophene 198 520-772
Methylphenanthrene 192 2,028-2,768
Methylanthracene 192 517-1,522
Ethylphenanthrene 206 388-464
4H-Cyclopenta] def] phenanthrene 190 517-1,033
Ethyldibenzothiophene 212 151-179
2-Phenylnaphthalene 204 650-1,336
Dimethyl(phenanthrene/anthracene) 206 1,298-2,354
Fluoranthene 202 3,399-7,321
Benzo[def]dibenzothiophene 208 254-333
Benzacenaphthylene 202 791-1,643
Pyrene 202 3,5632-8,002
Ethylmethyl (phenanthrene/anthracene) 220 590-717
Methyl (fluoranthene/pyrene) 216 1,548-2,412
Benzo[a]fluorene/benzo[b]fluorene 216 541-990
Benzo[b] naphtho[2,1-d] thiophene 234 30-53
Cyclopentapyrene 226 869-1,671
Benzo[ghi]fluoranthene 226 217-418
Benzonaphthothiophene 234 30-126
Benz[a]anthracene 228 463-1,076
Chrysene or triphenylene 228 657-1,529
1,2-Binapthyl 254 30-50
Methylbenz[a]anthracene 242 30-50
3-Methylchrysene 242 50-192
Phenyl(phenanthrene/anthracene) 254 210-559
Benza[j]fluoranthene 252 492-1,367
Benzo[b]fluoranthene 252 421-1,090
Benzo[K]fluoranthene 252 91-289
Benzo[€]pyrene 252 487-946
Benzo[a]pyrene 252 208-558
Benzo[ah]anthracene 278 50-96
Indeno[1,2,3-[cd]pyrene 276 30-93
Benzo[ghi]perylene 276 443-1,050
Dibenzopyrene 302 136254

Source: Tong et al., 1984.
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Table 2-16. Emission rates of particle-bound PAH (xg/mi) from diesel and gasoline engines

PAH Diesel engines Gasoline engines
HDD LDD Noncatalyst Catalyst
@ | (b (©) @ (d) © | (& €) (©)
Pyrene 71 | 176 | 36.2 245 66 496 | 45 248 4.0

Fluoranthene 4 | 272 | 20.8 213 50 773 32 196 3.6
Benzo[a]pyrene | 13 | <0.1 21 13 NA 69.6 | 3.2 1.0 3.0
Benzo[e|pyrene | 10 | 0.24 4.2 19 NA 733 | 438 1.0 3.6
(a) Watson et al., 1998 included gas-phase PAH .

(b) Westerholm et al., 1991.

(C) Roggeet al., 1993.

(d) Smith, 1989; 1986 Mercedes Benz.

(e) Alsberg et al., 1985.
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Table 2-17. Concentrations of nitro-PAHs identified in LD diesel particulate extracts

7/25/00

Nitro-PAH? Concentration
(ng/g of
particles)
4-nitrobiphenyl 2.2
2-nitrofluorene ~1.8
2-nitroanthracene 4.4
9-nitroanthracene 12
9-nitrophenanthrene 10
3-nitrophenanthrene 41
2-methyl-I-nitroanthracene 8.3
1-nitrofluoranthene 1.8
7-nitrofluoranthene 0.7
3-nitrofluoranthene 4.4
8-nitrofluoranthene 0.8
1-nitropyrene 18.9; 75
6-nitrobenzo[a]pyrene 25
1,3-dinitropyrene® 0.30
1,6-dinitropyrene® 0.40
1,8-dinitropyrene® 0.53
2, 7-dinitrofluorene’ 4.2: 6.0
2, 7-dinitro-9-fluorenone® 8.6; 3.0
3-nitrobenzanthrone” 0.6t0 6.6

#From Campbell and Lee (1984) unless noted otherwise. Concentrations recal culated from pg/g of
extract to pg/g of particles using avalue of 44% for extractable material (w/w).

°From Paputa-Peck et al, 1983.
°From Schuetzle, 1983.

YFrom Enyaet al., 1997 (Isuzu Model 6HEL 7127cc).
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Table 2-18. Average emission ratesfor polycyclic aromatic hydrocarbons for different fuel

types (units are mg/mi)

PAH Pre-1993 diesel | Low aromatic Reformulated
fuel diese fuel diesdl blend
Cetane No. >40 | Cetane No. >48 Cetane No. 50-55
Aromatic 33% v. | Aromatic 10% v. | Aromatic 20%-25%
PAH 8% wit. PAH 1.4% wt. | v. PAH 2%-5% wt.
2,3,5-trimethyl naphthalene 283.68 + 5.27 14.77 £ 2.42 56.21 + 2.82
Phenanthrene 336.71 + 9.08 160.92 + 15.54 220.73 + 52.68
Anthracene 38.80+1.43 1854 + 2.13 26.16 + 6.86
M ethyl phenanthrenes/anthracenes 331.32 + 16.07 2517+ 141 111.98 + 28.74
Fluoranthene 128.45 + 7.60 132.36 + 18.30 123.07 £ 26.21
Pyrene 193.03+ 1651 | 211.19+ 37.35 206.82 + 39.04
Benzo[c]phenanthrene 3.03+0.24 1.74+0.14 1.54 + 0.26
Benzo[ghi]fluoranthene 24.84 + 2.68 18.93+ 2.14 16.94 + 2.31
Cyclopenta[cd] pyrene 2144+ 411 26.15+ 3.12 21.25 + 3.46
Benz[ g anthracene 16.42 £ 1.67 10.57 £ 1.15 10.96 £ 2.42
Chrysene + triphenylene 17.36 £ 1.66 10.38 £ 0.54 12.20 £ 2.72
Benzo[b+j+k]fluoranthene 31.05+4.17 23.17+1.98 29.18 + 7.93
Benzo[€]pyrene 16.71+ 2.72 1455+ 1.34 18.99 + 5.58
Benzo[a]pyrene 20.46 + 3.27 16.48 £ 1.56 20.59 + 5.75
Perylene 4.32 £ 0.88 3.71+0.74 418+ 1.16
Indeno[1,2,3-cd]fluoranthene 0.34 + 0.07 0.21+0.02 0.17+0.00
Benzo[c]chrysene 0.29 £ 0.05 0.18 £ 0.05 0.14+£0.04
Dibenz[a,j]anthracene 0.93+ 0.05 0.55+0.10 0.67 = 0.09
Indeno[1,2,3-cd]pyrene 1945+ 271 14.04 £ 1.99 2216+ 9.11
Dibenz[a,h+a,clanthracene 154+ 0.15 0.87+0.12 1.48 + 0.67
Benzo[b]chrysene 0.40+0.01 0.15+0.05 0.27 £ 0.05
Benzo[ghi]perylene 49.17 + 9.63 39.81+7.22 60.74 + 26.60
Coronene 9.49+ 3.13 493 + 0.47 7.48 £ 1.59
Dibenzo[a|]pyrene 2.84+0.45 1.25+0.15 2.31+0.48
Dibenzo[a,€]pyrene 1.10+ 0.29 0.61 + 0.06 1.13+0.15
Dibenzo[a,i]pyrene 091+£0.21 0.27 £ 0.09 0.71+£0.15
Dibenzo[ah]pyrene 1.33+0.25 0.75+ 0.07 0.84 £ 0.20
Source: Norbeck et al., 1998c.
7/25/00 2-96 DRAFT—DO NOT CITE OR QUOTE




Table 2-19. Classes of compoundsin diesel exhaust

Particulate phase Gas phase
Heterocyclics, hydrocarbons (C,,-Css), and Heterocyclics, hydrocarbons (C,-C,), and
PAHSs and derivatives: derivatives:
Acids Cycloakanes Acids Cycloalkanes, Cycloakenes
Alcohols Esters Aldehydes Dicarbonyls
Alkanoic acids Halogenated cmpds. Alkanoic acids Ethyne
n-Alkanes Ketones n-Alkanes Halogenated cmpds.
Anhydrides Nitrated cmpds. n-Alkenes Ketones
Aromatic acids Sulfonates Anhydrides Nitrated cmpds.
Quinones Aromatic acids Sulfonates
Quinones

Elemental carbon Acrolein
Inorganic sulfates and nitrates Ammonia
Metals Carbon dioxide, carbon monoxide
Water Benzene

1,3-Butadiene

Formaldehyde

Formic acid

Hydrogen cyanide, hydrogen sulfide

M ethane, methanol

Nitric and nitrous acids

Nitrogen oxides, nitrous oxide

Sulfur dioxide

Toluene

Water

Sources: Mauderly, 1992, which summarized the work of Lies et al., 1986; Schuetzle and
Frazier, 1986; Carey, 1987; Zaebst et al., 1988, updated from recent work by Johnson, 1993;
McDonald, 1997; Schauer et al., 1999.
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Table 2-20. Calculated atmospheric lifetimes for gas-phase reactions of
selected compounds present in automotive emissions with important reactive

species
Atmospheric lifetime resulting from reaction with:

Compound OH= X NO,° HO,! hve
NO, 1.3 days 12h 24 min 2h 2min
NO 2.5 days 1 min 1.2 min 20 min —
HNO, 110 days — — — —
SO, 16 days >200 years >1.4x10% years | >600 years —
NH, 90 days — — — —
Propane 12 days >7,000 years — — —
n-Butane 5.6 days >4,500 years 3.6 years — —
n-Octane 1.9 days — 1.2 years — —
Ethylene 1.9 days 9 days 1.2 years — —
Propylene 7h 1.5 days 6 days — —
Acetylene 19 days 6 years >5.6 years — —
Formaldehyde 1.9 days >2 - 104 years 84 days 23 days 4h
Acetaldehyde 0.6 day >7 years 20 days — 60 h
Benzaldehyde 1.2 days — 24 days — —
Acrolein 0.6 day 60 days — — —
Formic acid 31 days — — — —
Benzene 11 days 600 years >6.4 years — —
Toluene 2.5 days 300 years 3.6 years — —
m-Xylene 7h 75 years 0.8 years — —
Phenol 6h — 8 min — —
Naphthalene/ 6.8h >80 days 1.5 years — —
2-Methylnaphthalene 2.8h >40 days 180 days —
1-Nitronaphthalené 2.3 days >28 days 18 years 17h
Acenaphthene 15h >30 days 12h — —
Acenaphthylené 1.3h ~43 min 6 min — —
Phenanthrené 11.2h 41 days 4.6h — —
Anthracené 8.6 h — — — —
Fluoranthené ~2.9h — ~1 year — —
Pyrene ~2.9h — ~ 120 days — —

2 For 12-h average concentration of OH radical of 1.6x10° molecule/cm? (Prinn et al., 1992).
® For 24-h average O, concentration of 7x10* molecule/cm?®,

¢ For 12-h average NO, concentration of 5x10° molecule/cm® (Atkinson, 1991).

4 For 12-h average HO, concentration of 10° molecule/cm®.

€ For solar zenith angle of 0°.

f Lifetimes from Arey (1998), for 12-h concentration of OH radical of 1.9x10° molecule/cm®.

Source: Winer and Busby, 1995, unless noted otherwise.
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Table 2-21. Major components of gas-phase diesel engine emissions, their known
atmospheric transfor mation products, and the biological impact of the reactants and

products

Gas-phase emission
component

Atmospheric reaction
products

Biological impact

Carbon dioxide

Mgajor contributor to global
warming.

Carbon monoxide

Highly toxic to humans; blocks
oxygen uptake.

Oxides of nitrogen

Nitric acid, ozone

Nitrogen dioxide is arespiratory
tract irritant and major ozone
precursor. Nitric acid contributes to
acid rain.

Sulfur dioxide

Sulfuric acid

Respiratory tract irritation.
Contributor to acid rain.

Hydrocar bons:

Alkanes (<C,g)

Aldehydes, alkyl nitrates,
ketones

Respiratory tract irritation.
Reaction products are ozone
precursors (in the presence of NO,).

Alkenes (<C,)
(e.0., 1,3-butadiene)

Aldehydes, ketones

Respiratory tract irritation. Some
alkenes are mutagenic and
carcinogenic. Reaction products are
0zone precursors (in the presence of
NO,).

Aldehydes:

Formaldehyde

Carbon monoxide,
hydroperoxy! radicals

Formaldehyde is a probable human
carcinogen and an 0zone precursor
(in the presence of NO,).

Higher aldehydes (e.g.,
acetaldehyde, acrolein)

Peroxyacyl nitrates

Respiratory tract and eye irritation;
causes plant damage.

Monocyclic aromatic
compounds (e.g., benzene,
toluene)

Hydroxylated and
hydroxylated-nitro derivatives:

Benzeneis toxic and carcinogenic
in humans. Some reaction products
are mutagenic in bacteria (Ames

assay).

PAHSs (<4 rings) (e.g.,
phenanthrene,
fluoranthene)®

Nitro-PAHs (4 rings)®

Some of these PAHs and nitro-
PAHs are known mutagens and
carcinogens.

Nitro-PAHSs (2 and 3 rings)
(e.g., nitronaphthal enes)

Quinones and hydroxylated-
nitro derivatives

Some reaction products are
mutagenic in bacteria (Ames assay).

aSome reaction products expected to partition into the particle phase.
®Nitro-PAHs with more than two rings will partition into the particle phase.
“PAHSs containing four rings are usually present in both the vapor and particle phases.

Source: Hedth Effects Institute, 1995.
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Table 2-22. Major components of particle-phase diesel engine emissions, their known
atmospheric transfor mation products, and the biological impact of the reactants and
products

Particle-phase Atmospheric reaction Biological impact

emission component products

Elemental carbon — Nuclel adsorb organic compounds;
size permits transport deep into the

lungs (alveali)

Inorganic sulfate and — Respiratory tract irritation

nitrate

Hydrocarbons (C,,-Cy) Little information; Unknown

possibly aldehydes, ketones,
and alkyl nitrates

PAHSs (>4 rings) (e.g., Nitro-PAHSs (>4 rings)? Larger PAHs are major

pyrene, benzo[a] pyrene) Nitro-PAH lactones contributors of carcinogensin
combustion emissions. Many nitro-
PAHSs are potent mutagens and

carcinogens.

Nitro-PAHSs (>3 rings) Hydroxylated-nitro derivatives | Many nitro-PAHs are potent

(e.g., nitropyrenes) mutagens and carcinogens. Some
reaction products are mutagenic in
bacteria (Ames assay).

Nitro-PAHs with more than two rings will partition into the particle phase.

Source: Hedlth Effects Institute, 1995.
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Table 2-23. Ambient DPM concentrations reported from chemical mass balance modeling

Ref. L ocation Year of sampling L ocation type Diesel PM, ¢ Average | Source profile used
xg/m®mean, | DPM % of
(range) total PM
(range)
a West LA, CA 1982, annual average (~60 Urban 44 18 EC, OCS, elements
Pasadena, CA samples at each site) Urban 5.3 19
Rubidoux, CA Urban 5.4 13
Los Angeles, CA Urban 11.6 36
b West Phoenix, AZ 1989-90, winter Urban 13 (max. 22) 18 EC, OCT, MI, elements
Central Phoenix, AZ 11 days at each site Urban 13 (max. 16) 20
South Scottsdale, AZ Urban 10 (max. 12) 17
Estrella Park, AZ Nonurban 5 9
Gunnery Park, AZ Nonurban 3 10
Pinnacle Peak, AZ Nonurban 2 12
c Cadlifornia, 6 air basins 1988-92, annual Urban-i 1.8-3.6* T EC, OCT, MI, elements
Cadlifornia, 9 air basins Nonurban-i- 0.2-2.6* T EC, OCT, MI, elements
d Manhattan, NY 1993, spring 3 days Urban 29.2(13.2-46.7) 53 (31-68) EC, OCT, MI, elements
*
e Phoenix, AZ 199495, winter 12 days Urban 2.4 (0-5.3) 15 (0-27) EC, OCS, Ml, elements
f Welby, CO 199697, winter 60 days Urban 1.7 (0-7.3) 10 (0-26) EC, OCS, MI, elements
Brighton, CO Suburban 1.2 (0-3.4) 10 (0-38)
*PM10. tNot available.

EC:Elemental carbon; OCT:Organic carbon total; OCS: Organic carbon species; MI: Major ions including nitrate, sulfate, chloride and, in some cases,
ammonium, sodium, potassium
+Urban air basins are qualitatively defined as those areas that are moderately or largely urbanized, and nonurban air basins are those areas that are largely
nonurban, but may have one or more densely populated areas.
& Schauer et al., 1996.
® Chow et a., 1991.

¢ California Environmental Protection Agency, 1998.
4 Wittorff et al., 1994.
¢ Maricopa Association of Governments, 1999.
fFujitaet al., 1998.




Table 2-24. Comparison of DPM concentrationsreported by CMB and EC

surrogate calculation

L ocation Number | Average DPM, DPM, ug/m®
of ug/m? EC surrogate?
samples (CMB) (lower -upper
bound estimate)
Brighton, CO 67 1.1+08 0.8-1.6
Welby, CO 61 17+£14 14-3.1
Phoenix, AZ 12 24+16 1.1-24

2 Lower-bound estimate: DPM=EC*0.62;

7/25/00

Upper bound estimate: DPM=EC*1.31.
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Table 2-25. Ambient diesel particulate matter concentrations from elemental
carbon measurementsin urban locations

Ref. | Year of sampling L ocation DPM, . DPM %
ug/m? lower - of total
upper bound PM
range (point

estimate)’
a 1995, annua Boston, MA 0.8-1.7 (1.1) 6-12
Rochester, NY 0.4-0.8
b 1992-1995, annual | Washington, DC 1.0-2.2
MATESII t Diesd PM,, .
pg/m®
avgt std dev.
c 1995-6, annual Anaheim, CA 24+1.8 ¥
Burbank, CA 33+19 T
Los Angeles, CA 35+19 T
Fontanta, CA 34+23 T
Huntington Park, CA 45+ 24 T
Long Beach, CA 25+17 T
Pico Rivera, CA 44+22 T
Rubidoux, CA 34+£20 ¥

*Lower-bound range: DPM=EC*0.62; upper-bound range: DPM=EC*1.31,

point estimate: DPM=EC*0.89
T Not available.

FThe Multiple Air Toxics Exposure Study in the South Coast Air Basin reported DPM calculated from EC

concentrations as DPM=EC*1.04. Standard deviations are reported.

@ Salmon et al., 1997.
b Sigler, 1996.

¢ South Coast Air Quality Management District, 1999.
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Table 2-26. Ambient diesel particulate matter concentrations from dispersion modeling

Ref. L ocation Year of sampling | Location DPM 5 DPM %
type ug/m? of total
(mean) PM
a Azusa, CA 1982, annua Nonurban 1.4° 5
Anaheim, CA 1982, annua Nonurban 2.7° 12
Lennox, CA 1982, annua Nonurban 3.8 13
Pasadena, CA 1982, annua Urban 2.02 7
Long Beach, CA 1982, annua Urban 3.5° 13
Downtown LA, CA 1982, annua Urban 3.5 11
West LA, CA 1982, annua Urban 3.8 16
Claremont, CA 18-19 Aug 1987 Nonurban | 2.4 (4.0)2° 8 (6)°
c Long Beach, CA 24 Sept 1996 Urban 1.9(2.6)° 8(7)°
Fullerton, CA 24 Sept 1996 Nonurban 2.4(3.9)° 9(8)°
Riverside, CA 25 Sept 1996 Suburban 4.4(13.3)° 12 (13)°

*On-road diesel vehicles only; all other values are for on-road plus nonroad diesel emissions.
bV alue in parenthesis includes secondary DPM (nitrate, ammonium, sulfate and hydrocarbons) due to atmospheric
reactions of primary diesel emissions of NO,, SO, and hydrocarbons. For the fraction of ambient PM attributable

to DPM, the value in parenthesis reports total DPM (primary plus secondary) as a fraction of total ambient PM

(primary plus secondary).

Refences:

& Cass and Gray, 1995.

b Kleeman and Cass, 1999.
¢ Kleeman et al., 1999.
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Table 2-27. Occupational exposureto DPM

Author Year of L ocation/job type n Sample Rangein
sample Typical work schedule of 8 type DPM pg/m?®
hours
Ganga and Dainty, | NA Noncoa mine workers ~200 RCD 100900
1993°
Saverin, 1999 1992 Noncoa mine workers 255° RTC 38-1,280
Rogers and Whelan, | 1990-99 Coa mine workers >1,30 DPSM 10640
1999 0 M
Haney, 19907 1980s Coa mine workers NA S 180-1,000
(five mines)
Ambs, 1991a NA Coal mine workers NA PDEAS 750-780
(four mines)
Woskieet d., 1988 | 3-year Railroad engineer/frier 128 ARP 39-73
periodin | Railroad braker/conductor 158 | ARP 52-191
mid-1980s  Mpaiiroad shop workers 176 | ARP | 114134
Froineset al., 1987 | 1985 Firefighters (two stations) 238 TSP 63748
NIOSH 1992° NA Firefighters 18 EC 6-70
(three stations)
Birch and Cary, NA Firefighters NA EC 20-79
199% NA Fire station employees (four NA EC 452
stations)
Birch and Cary, NA Airport ground crew NA EC 7-15
1996 NA Public transit workers NA EC 15-98
NIOSH, 1990 1990 Diesdl forklift dockworkers 24 EC 1261
Zaebsteta., 1991 | 1990 Dockworkers 75 EC 9-20
Mechanics 80 EC 5-28
Long- and short-haul 128 EC 2-7
truckers
Kittelson et al., 1999-2000 | Busdrivers 39 EC 1-3
2000 Parking ramp attendants 12 EC 2+04

&Cited in Watts (1995).

NA: not available.

® Personal exposure and area samples were not reported separately for this study.
RCD: respirable combustible dust; RTC: respirable total carbon SPM: submicrometer PM; DPSMM: diesel
particulate submicron mass (two-stage impaction sampler used to separate PM by size); EC: elemental carbon;
SJl: single-jet impactor agreed within 10% with simultaneous PDEAS measurements, PDEAS: personal diesdl
exhaust aerosol sampler collects DPM <0.8.:m, McCartney and Cantrell (1992); SPM: particulate matter; ARP:
respirable particulate adjusted to remove the influence of cigarette smoke; TSP: total suspended particul ate matter.
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Table 2-28. Ranges of occupational exposureto diesel particulate matter by job category
with estimates of equivalent environmental exposures

Year of Occupations Occupational | Environmental
sampling DPM, ng/m? equivalent?
exposure, ng/m?®
1980s and Miners 10-1,280 2-269
1990s
1980s Railroad workers 39-191 840
1985 and later | Firefighters 4-748 1-157
NA Airport crew, public transit workers 7-98 2-21
1990 Dockworkers, mechanics 5-61 1-13
1990 Long- and short-haul truckers 2—7 0.4-2

®Environmental equivalent exposure is calculated as the occupational exposure * (10m¥shift / 20m%day) * (5 days/
7days) * (48 weeks/ 52 weeks) * (45 year career / 70 year lifetime), or occupational exposure * 0.21 (discussed in
section 2.4.3.1.
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Table 2-29. Annual average nationwide DPM exposur e estimates (ug/m?) from on-road
sourcesfor rural, urban, and urban demographic groupsin 1990, 1996, 2007, and 2020
using HAPEM-M S3

Demographic group 1990 1996 2007 2020
50-State population 0.8 0.7 0.4 0.4
Rural population 0.5 0.3 0.2 0.2
Urban population 0.9 0.7 0.4 0.4
Urban outdoor workers 11 0.8 0.5 0.5
Urban children (0-17) 0.9 0.7 0.4 0.4

Source: U.S. EPA, 1999c, adjusted to reflect HDDV VMT described in U.S. EPA, 2000b.
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Table 2-30. Annual average DPM exposuresfor 1990 and 1996 in the general
population and among the highest exposed demographic groupsin nine urban
areas and nationwide from (on-road sour ces only) using HAPEM-M S3

Urban area 1990 1996 Highest DPM exposurein
Population | Population | 1990, pg/m? (demographic
average average group experiencing this
exposure, exposure, exposure)
Hg/m? Hg/m?
Nationwide 0.8 0.7 NA
Atlanta, GA 0.8 0.8 NA
Chicago, IL 0.8 0.5 1.3 (outdoor workers)
Denver, CO 0.7 0.7 1.2 (outdoor workers)
Houston, TX 0.6 0.7 0.8 (outdoor workers)
Minneapolis, MN 1.0 0.8 1.5 (outdoor workers)
New York, NY 16 1.0 4.0 (outdoor children)
Philadelphia, PA 0.7 0.6 1.2 (outdoor children)
Phoenix, AZ 14 12 2.4 (nonworking men 18-44)
Spokane, WA 13 1.0 2.0 (outdoor workers)
St. Louis, MO 0.6 0.5 0.8 (outdoor workers)

NA - Not available.

Source: U.S. EPA, 1999c, adjusted to reflect HDDV VMT described in U.S. EPA, 2000b.
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Table 2-31. Modéeled and estimated concentr ations of
DPM in microenvironmentsfor Californiafor all sources

Microenvironment Estimated mean DPM
(stdev), ug/m?®
Residences 1.9 (0.9)
Offices 1.6 (0.7)
Schools 1.9 (0.8)
Stores/public/retail bldgs 2.1(0.9
Outdoor places 3.0(1.1
Industria plants® 3.0(1.1
Restaurants/lounges® 2.1(0.9
Other indoor places 1.6 (0.7)
Enclosed vehicles’ 3.0(1.1

3Concentrations assumed based on similarity with modeled environments.

Source: California EPA, 1998a
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Table 2-32. Estimated indoor air and total air exposuresto DPM in Californiain 1990

7/25/00

Exposed population Total indoor Total air
exposur e (stdev), | exposure, (stdev),
Hg/m? Hg/m?
All Cdifornians 2.0(0.7) 2.1(0.8)
South Coast Air Basin 2.4 (0.9 25(0.9
San Francisco Bay Area 1.7 (0.9) 1.7 (0.9)
Source: California EPA, 1998a.
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Figure 2-1. Diesdl truck sales (domestic) for the years 1939-1997.

Source: AAMA Motor Truck Facts.
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Figure 2-2. Diesdl truck salesas a percentage of total truck salesfor the years 1939-1997.

Source: AAMA Motor Truck Facts.
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Figure 2-3. Percentage of truck milesattributableto diesel trucks. VMT

traveled.

Source: U.S. Bureau of the Census, 1999b.
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Figure 2-4. Model year distribution of in-use heavy HD truck fleet in 1997.

Source: U.S. Bureau of the Census, 1999b.
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Figure 2-5. Model year distribution of vehicle milestraveled by thein-use heavy HD truck

fleet in 1997.

Source: U.S. Bureau of the Census, 1999b.
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Figure 2-6. A comparison of IDI (A) and DI (B) combustion systems of high-speed HD
diesel truck engines. DI engines almost completely replaced 1Dl enginesfor these
applications by the early 1980s.
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Figure 2-7. Schematic diagram of diesel engine exhaust particles.

Source: Modified from Kittelson, 1998.
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Figure 2-8. Typical chemical composition for diesel particulate matter (PM2.5) from new
(post-1990) HD diesdl vehicle exhaust.
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Figure 2-9. Trendsin PM 10 emissions from on-road and nonroad diesel engines from 1970
to 1998 and projections of emissions to 2007 and 2030.

Source: U.S. EPA, 2000a, National air pollutant emission trends, 1900-1998.
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Figure 2-10. Trendsin NO, emissions from on-road and nonroad diesel engines from 1970

to 1998.

Source: U.S. EPA, 2000a, National air pollutant emission trends, 1900-1998.
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Figure 2-11. Trendsin SO, emissions from on-road diesal engines from 1970 to 1998 and
nonroad diesel engines from 1990 to 1998.

Source: U.S. EPA, 2000a, National air pollutant emission trends, 1900-1998.
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Figure2-12. Trendsin VOC emissions from on-road and nonroad diesel engines from 1970

to 1998.

Source: U.S. EPA, 2000a, National air pollutant emission trends, 1900-1998.
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Figure 2-13. Trendsin CO emissions from on-road and nonroad diesel engines from 1970

to 1998.

Source: U.S. EPA, 2000a, National air pollutant emission trends, 1900-1998.
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Figure 2-14. Percentage of total motor fuel use that ison-road diesel fuel since 1949.

Source: Federal Highway Administration, 1995.
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Figure 2-15. On-highway diesel fuel consumption since 1943, valuesin thousands of

gallons.

Source: Federal Highway Administration, 1995.
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Figure 2-16. Mode year trendsin PM, NO,, HC, and CO emissionsfrom HD diesel vehicles (g/mile).

Source: Yanowitz et al., 2000.
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Figure 2-17. Diesel engine certification data for NOx emissions as a function of model year.

Source: Data are from the transient test results provided in Table 2-8.
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Figure 2-18. Diesel engine certification data for PM emissions as a function of model year.

Source: Data are from the transient test results provided in Table 2-8.
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Figure 2-19. Emission factorsfrom HD diesel vehicles from tunnel studies.

Source: Datafrom Pierson and Brachaczek, 1976; Szkarlat and Japar, 1983; Pierson et a., 1983;
Kirchstetter et a., 1999; Gertler et al., 1995, 1996; Gertler, 1999.
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Figure 2-20. Line-haul and switch emissions data.

Source: U.S. EPA, 1998a.
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Figure 2-21. Effect of turbocharging and after cooling on NO, and PM.

Source: Mori, 1997.
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Figure 2-22. Comparison of diesel engine dynamometer PM emissions for 4-stroke,
naturally aspirated and turbochar ged engines.

Source: Data are from Table 2-8.

7/25/00 2-130 DRAFT—DO NOT CITE OR QUOTE



Air Intake
Parts

&

Posgitive
Displacement
Blower

Figure 2-23. An example of uniflow scavenging of a two-stroke diesel engine with a positive
displacement blower. Scavenging isthe process of smultaneously emptying the cylinder of
exhaust and refilling with fresh air.

Source: Adapted from Taylor, 1990.
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Figure 2-24. Comparison of two- and four-stroke vehicle diesel PM emissions from chassis
dynamometer studies.

Source: Yanowitz et al., 2000.
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Figure 2-25. Comparison of two- and four-stroke engine diesel PM emissions from engine

dynamometer studies.

Source: Data are from Table 2-8.
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Figure 2-26. Diesal engine dynamometer SOF emissions from two- and four-stroke
engines. SOF obtained by dichloromethane extraction in most studies.

Source: Data are from Table 2-8.
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Figure 2-27. Dieseal engine aldehyde emissions measur ed in chassis dynamometer studies.

Source: Data are from Warner-Selph and Dietzmann, 1984; Schauer et al., 1999; Unnasch et dl.,

1993.
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Figure 2-28. Diesel engine aldehyde emissions from engine dynamometer studies.

Source: Datafrom Table 2-8.
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Figure 2-29. Trend in SOF emissions based on chassis dynamometer testing of heavy-duty
diesel vehicles. Warner-Selph and coworkers: dichloromethane for 8 hours. Dietzman and
cowor kers: hexane followed by dichloromethane, extraction times not reported. Graboski
and coworkers: VOF by vacuum sublimation at 225 C for 2.5to 3 hours. Rogge and
cowor kers: cyclohexane followed by a benzene/2-propanol mixture that may extract
significantly mor e or ganic matter.
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Figure 2-30. Trend in SOF emissionsfor transient engine dynamometer testing of HD
diesel engines. Various extraction methods used; see Table 2-8.
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Figure 2-31. Trend in SOF emissions as a per cent of total PM based on chassis
dynamometer testing of HD diesel vehicles. Warner-Selph and coworkers:
dichloromethane for 8 hours. Dietzman and cowor kers. hexane followed by
dichloromethane, extraction timesnot reported. Graboski and coworkers: VOF by
vacuum sublimation at 225 C for 2.5to 3 hours. Rogge and cowor kers. cyclohexane
followed by a benzene/2-propanol mixture, that may extract significantly more organic

matter.
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Figure2-32. Trend in SOF emissions as a per centage of total PM from engine
dynamometer testing. Data arefrom Table 2-8.
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Figure 2-33. EC emission ratesfor diesel vehicles. All studiesemployed TOR for
measurement of EC. Vehiclestested by Norbeck and co-workers (1998) were all light and
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Figure 2-34. EC content as per cent of total carbon content for DPM samples obtained in

chassis dynamometer studies.
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Figure 2-35. Diesel engine emissions of benzo[a]pyrene and 1-nitropyrene measured in
chassis dynamometer studies.

Source: Schuetzle and Perez, 1983; Zielinska et al., 1988; Kado et a., 1996; Dietzmann et al.,
1980; Warner-Selph and Dietzmann, 1984; Rogge et a., 1993; Schauer et al., 1999.

7/25/00

2-138

DRAFT—DO NOT CITE OR QUOTE



30

<

= °

o 25

(o))

)

c

o

‘0

220 A °

(S

i

2 ® Transient Test B(a)P

; 15 | O  Steady-State Test B(a)P

2 v Transient Test 1-NP

b= v  Steady-State Test 1-NP

p4

-

G 10 1

(3]

c

o

2

< 51 $

o o

N

©

s} 8 5 v o v
°

0 - 3 g © ¥ v ?0 o
1970 1975 1980 1985 1990 1995 2000

Engine Model Year

Figure 2-36. Diesel engine dynamometer measur ements of benzo[a]pyrene and 1-

nitropyrene emissions from HD

Source: Dataare from Table 2-8.
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Figure 2-37. Particle size distribution in diesel exhaust.

Source: Kittelson, 1998.
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